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@ Plasma-CVD method and apparatus. 

@ \n a plasma-CVD method and apparatus, plasma is formed from a film material gas in a process chamber 
and, in the plasma, a film is deposited on a substrate disposed in the process chamber. Formation of the plasma 
from the material gas is performed by application of an rf-povi(er prepared by effecting an amplitude modulation 
on a basic r(-povve' having a frequency in a range from IOMH2 tc 200MHz. A modulation frequency of the 
amplitude modulation is in a range from 1/1000 to 1/10 of the frequency of the basic rf-power. Alternatively, the 
rf-power is prepared by effecting on the basic rf-power a first amplitude modulation at a frequency in a range 
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from 1/1000 to 1/10 of the frequency of the basic rf-power, and additionally effecting a second amplitude 
modulation on the modulated rf-power. A modulation frequency of the second amplitude modulation is in a range 
from 1/100 to 100 times the modulation frequency of the first amplitude modulation. 
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The present invention relates to a plasma cnemical vapor deposition method in which plasnr.a is 
piOuuCOC Py u vjopOGiticr. T.Gtcr:cii ^c^z a hmTi torrnc^ Oi ucpositcu Oii a i-uo^tiate in tiic pidsriid, dnu 
also relates to a plasma chemical vapor deposition apparatus 1or executing the above method. 

In this specification and appended claims, ttie plasma chemical vapor deposition is referred to as 
5 "plasma-CVD" 

Plasma-CVD has been utilized for many purposes such as manufacturing of thin film transistors, 
manufacturing of various kinds of semiconductor oevices such as sensors utilizing semiconductor materials, 
manufacturing of various kinds of thin film devices used in solar batteries, LCDs (liquid-crystal displays) and 
others, formation of ferroelectric films used, for example, in flash memories, gas sensors and thin film 
JO capacitor, formation of carbon films for loudspeaker diaphragms, coating of ornaments and decorations, and 
formation of films having a wear resistance for machine parts, tools and others requiring a wear resistance. 
Various types of apparatuses performing the plasma-CVD have been knov^n. 

As a typical example, a parallel plated plasma-CVD apparatus utilizing radio-frequency power will be 
described below with reference to Figs. 15 and 16. In the following description and appended claims, 
75 "radio-frequency" and "radio-frequency power" is referred to as "rf" and "rf-power", respectively, and 
plasma-CVD using the rf-power is referred to as "rf plasma-CVD". 

In the apparatus shown in Fig. 15, two electrodes for producing plasma are arranged parallel to each 
other in the longitudinal direction. The apparatus shown in Fig. 16, two electrodes for producing plasma are 
arranged parallel to each other in the lateral direction. These apparatuses have the substantially same 
20 structure and operation except for an-angement of the electrodes and other several portions. Parts and 
portions having the substantially same function bear the same reference numbers. 

Each of the plasma-CVD apparatuses shown in Figs. 15 and 16 includes a vacuum container 10 used 
as a process chamber, in which an electrode 20 also serving as a substrate holder for holding a substrate 
SlO. on which a film is to be deposited, as well as an electrode 30 are arranged in an opposed fashion. 
25 The electrode 20 is generally a ground electrode, and is additionally provided with a healer 210 for 
heating the substrate SlO disposed thereon to a deposition temperature. If radiant heat is used to heat the 
substrate SlO, the heater 210 is spaced from the electrode 20. 

The electrode 30 is a power application electrode which applies the rf-power to the film deposition gas. 
i.e., gas for film formation or deposition, introduced between the electrodes 20 and 30 so as to convert the 
30 gas into the piasma. In these examples, the electrode 30 is connected to an rf-power source 320 via a 
matching box 310. 

An exhaust pump 520 is connected to the process chamber 10 via a valve 510, and a gas source 40 for 
the film deposition gas is connected thereto via a piping. The gas source 40 includes one or more mass- 
flow controllers 411, 412, one or more valves 421, 422, ••• connected to the mass-flow controllers, 
35 respectively, and one or more film deposition gas sources 431, 432, ••• connected to the valves, 
respectively. 

According to the parallel plated plasma-CVD apparatuses described above, the substrate SlO is 
transferred by an unillustrated substrate transfer device into the process chamber 10 and mounted on the 
electrode 20. The valve 510 is opened and the exhaust pump 520 is driven to set the process chamber 10 

40 to a predetermined degree of vacuum, and the film deposition gas is supplied into the chamber 10 from the 
gas source 40. The power source 320 applies the rf-power to the rf-electrode 30. Thereby, the introduced 
gas forms plasma, in which an intended film is deposited on the surface of the substrate SiO. 

For example, the pressure in the process chamber 10 is set to about hundreds of millitorrs, and the 
heater 210 heals the substrate holder electrode 20 to a temperature o; about 300 "C. The substrate SlO is 

45 mounted on the electrode 20, and the gas source 40 supplies predetermined amounts of monosilane (SiH*) 
gas and hydrogen (Hr) gas, and the rf-power of a frequency of 13.56MH2 is applied to the electrode 30. 
Whereby, the gases form the plasma, and an amorphous silicon film is deposited on the substrate SlO. A 
predeterrnined a.'nount of ammonia (NH3) gas may be introduced instead of the hydrogen gas. in which 
case a silicon nitride film is formed. 

50 Another processing may be executed as follows. The pressure m the process chamber 10 is 
approximately set to hundreds of millitorrs. the substrate holder electrode 20 is heated by the heater 210. 
and the substrate SlO is mounted on the electrode 20. The gas source 40 supplies only a predetermined 
amount of hydrocarbon compound gas such as a methane (CHii gas or a ethane (CjHf) gas. or 
predetermined amounts of the above hyarocarbon compound gas and hydrogen (H2) gas. An rf-power of a 

55 frequency, e.g.. of 13.56MH2 is applied lo the electrode 30. Whereby, the gas forms plasma, and a thin 
carbon fiim is deposited on the substrate SlO. In this case, tne film quality can be controlled by changing 
the processing temperature of the substrate SlO. Fc example, if the film is to be deposited on the 
substrate made of synthetc resin such as polyirr.ide resin, the substrate is set to a temperature of about 
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lOO'C or less considering heat resistance of the substrate, in which case a diamond like carbon (will be 
also referred to as "DLC") film is deposited. The DLC film is used as a diaphragm of a loudspeaker, coating 
of an decoration and others. 

A plasma-CVD apparatus shown in Fig. 17 is also well known. 
5 This apparatus can use a safe material, which is liquid in an ambience of room temperature of, e.g., 

25 'C. for depositing even such a film that requires the plasma-CVD apparatuses shown in Figs. 15 and 16 
to use a dangerous gas such as flammable gas or explosive gas for depositing the film. 

For example, in order to form the amorphous silicon film or silicon nitride film, the plasma-CVD 
apparatuses in Figs. 15 and 16 use the monosilane (SiH*) gas as described above. However, the SiH« gas 
10 is legally designated as a dangerous (e.g., flammable or explosive) special material gas, so that a 
significantly expensive countermeasure for safety is required for using the silane gas. For this reason, the 
apparatus shown in Fig. 17 is used. More specifically, when the amorphous silicon film is to be formed, a 
gas of silicon tetrachloride (SiCU), which is liquid at room temperature, and a hydrogen gas are used. When 
the silicon nitride film is to be formed, the silicon tetrachloride (SiCli) gas and an ammonia (NH3) gas are 
75 used. 

When silicon tetrachloride (SiCU) is used, SiCU is stored in a bubbler 44, as shown in Fig. 17, and is 
bubbled to supply it to the process chamber 10. More specifically, in the apparatus shown in Fig. 17, a gas 
supply unit 400 which is connected to the process chamber 10 via a piping includes the sealedly closable 
container (bubbler) 44, which is connected to a gas source 453 of a carrier gas via a mass-flow controller 
20 451 and a valve 452. A piping extending from the mass-flow controller 451 has an end located at the 
vicinity of the bottom of the bubbler 44. An upper space in the bubbler 44 is connected to the process 
chamber 10 via a piping. In order to prevent condensation of the SiCU gas vaporized in the bubbler 44, 
heaters 401 and 402 are associated to the bubbler 44 and the piping between the bubbler 44 and the 
process chamber 10, respectively. If necessary, the process chamber 10 may be connected to a gas 
25 source(s) 463, 473, • • • storing other material gas(es) via one or more mass-flow controllers 461, 471, • • • 
and valves 462, 472. • • • , respectively. Structure other than the above is the same as those shown in Fig. 
16, and the same parts and portions as those in Fig. 16 bear the same reference numbers. 

in the process of forming, e.g., an amorphous silicon film by the above plasma-CVD apparatus, the 
substrate SlO is mounted on the ground electrode 20, and is heated to about 500 "C by the heater 210. 
30 Liquid SiCU is stored in the bubbler 44, and a vacuum pressure is applied into the process chamber 10 by 
the pump 520, so that hydrogen gas is introduced from the gas source 453 into the bubbler 44 for bubbling 
the SiCU, and the generated SiCU gas is supplied to the process chamber 10. The bubbling may be 
performed, for example, with a hydrogen (Hz) gas or an inert carrier gas such as argon (Ar) gas or helium 
(He) gas supplied from a gas source, and hydrogen gas may be supplied from another gas source such as 
35 source 463. The power source 320 applies the rf-power to the gas introduced into the process chamber 10 
to form plasma from the gas, and the amorphous silicon film is deposited on the substrate SlO in the 
plasma. If the temperature of substrate is set to 800 "C or more, a polycrystalline silicon (will be also 
referred to as "p-Si") film or a single crystal silicon film can be formed. 
A plasma-CVD apparatus shown in Fig. 18 has also been known. 
40 This apparatus has also been known as a parallel plated rf plasma-CVD apparatus, and includes, as a 
process chamber, a vacuum container 1A, in which an electrode 2A also serving as a substrate hcider for 
carrying the substrate SlO is disposed together with an electrode 3A opposed to the electrode 2A. 

The electrode 2A is generally grounded, and is provided with a heater 21 A for heating the substrate 
SlO mounted thereon to a film deposition temperature. If radiation heat is used for heating the substrate 
45 SlO, the heater 21 A is separated from the electrode 2A. 

The electrode 3A functions as a power application electrode for applying the power to the film 
deposition gas introduced between the electrodes 2A and 3A so as to form plasma. In the illustrated prior 
art. the electrode 3A is connected to an rt-power source 32A via a matching box 31 A. A heater 33A is 
associated ;o the electrode 3A for maintaining the gaseous state of the deposition material gas introduced 
50 between the electrodes 2A and 3A. even if the apparatus uses the gas which is liquid at room temperature. 
The heater 33A may be separated from the electrode 3A. 

The process chamber 1A is connected to an exhaust pump 42A via a valve 41 A, and is connected via a 
piping to a gas supply unit 5A for supplying a pretreatment gas and e film deposition gas. The gas supply 
unit 5A can supply the film deposition gas of compound such as silicon tetrachloride (SiCU), which is liquid 
55 at room temperature, to the process chamber 1A by bubbling such a compound. For this purpose, the gas 
supply unit 5A is formed of a bubbler unit 51 A for supplying the gas of the compound which is liquid at a 
room temperature, and a gas supply portion 52A for supplying the gas of compound which is gaseous at 
room temperature. 
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The bubbler unit 51 A is provided with one or more seaieaiy cicsaDle containers (bubtDlers) 51 al, 51 a2 
• •• whicf^ are connected to oas sournft'^ 51 di 5irt? nf pernor nacac v,i3 m = cc. fir,,., r.rs,-»,^ii„,„ c-. 
5152, ••• ana valves 51 cl, 51 c2, respectively. Ends of pipings extending from the mass-flow 

controllers 51 bi, 5lb2, ••• are located near the bottom of the bubblers 51 al, 51 a2, •••.respectively. 

5 Upper spaces in the bubblers 5ia1, 51a2, ••• are connected to the process chamber 1A via valves 

51 el, 51 e2, • • • and pressure regulators 5111, 51 f2, • • •. Each of the pressure regulators 51 f1, 51 f2, • • • is 
formed of a pressure regulator valve and a pressure gauge. Temperature controllers 51 gl, 51 g2, • • - each 
including a heater and a Peltier element are associated to the bubblers Slal, 51 a2, •••, respectively. A 
heater 51h is provided at the piping extending from the bubblers 5ial, 5la2,-. • to the process chamber 

70 1 A. 

The gas supply unit 52A includes one or more gas sources 523a, 523b, • • • as well as mass-flow 
controllers 521 a, 521b, ••■ and valves 522a, 522b, ••■ associated thereto for supplying a gas such as a 
film deposition gas, a pretreatment gas and, if necessary, a carrier gas or the like, which are gaseous at 
room temperature, to the process chamber 1A. 
75 In the operation of depositing an amorphous silicon film on the substrate SlO by the above plasma-CVD 

apparatus, the substrate SlO is transferred into the process chamber lA, and is mounted on the electrooe 
2A which is heated to about 500 • C by the heater 21 A. Then, the valve 41 A is operated and the exhaust 
pump 42A is dnven to set the chamber 1 A to an intended degree of vacuum of about hundreds of millitorrs. 
The gas supply portion 52A in the gas supply unit 5A supplies a hydrogen {H~} gas as a pretreatment gas, 
20 and the power source 32A applies the rf-power to the rf-electrode 3A for a predetermined time period. 
Thereby, plasma is formed from the hydrogen gas, and the surface of the substrate SlO is cleaned in the 
plasma. Then, the carrier gas, i.e., hydrogen gas is introduced from the gas source 51 d1 into the bubbler 
51 al storing liquid silicon tetrachlonde (SiCU) for bubbling the liquid silicon tetrachloride, and the SiCU gas 
thus generated is supplied into the process chamber lA. In this operation, the bubbler 51 al is heated by 
25 the heat controller 51 gl to about 50-70 "C. If necessary, the piping between the bubbler 51al and the 
chamber 1A is heated by the heater 51 h to an appropriate temperature, and likewise the electrode 3A is 
heated C/ the heater 33A. At the same time, the power source 32A applies the r^-power to the ri-electrooe 
3A, so that plasma is formed from the introduced gas, and the amorphous silicon film is formed on the 
surface of the substrate SlO. Bubbling may be carried out, for example, with a hydrogen gas or an inert gas 
30 such as a helium (He) gas or an argon (Ar) gas, and hydrogen gas may be supplied via another passage 
from the gas supply unit 52A. 

In the deposition method and apparatus described above, a polycrystaliine silicon film or a single 
crystal silicon film is deposited if the substrate is maintained at a temperature of 800 • C or more during the 
deposition. In the deposition process, if the bubbling is carried out with a hydrogen gas, and the gas supply 
35 unit 52A introduces an ammonia (NH3) gas into the chamber 1A, a silicon nitride film is deposited, in the 
deposition process, a hydrogen gas or a nitrogen (Nj) gas may be introduced as a earner gas into the 
bubbler storing, as film material, titanium tetrachloride (TiCI,), and an ammonia gas may be introduced from 
the gas supply unit 52A into the chamber 1A, in which case a titanium nitride film is deposited. If the 
deposition is carried out at a relatively low temperature, a monosilane (SiHt) gas and a hydrogen gas can 
40 be used to deposit an amorphous silicon film without using a film matenal wnich is liquid at a room 
temperature, and likewise a monosilane gas and an ammonia gas can be used to deposit a silicon nitnoe 
film. 

Several prior arts of the plasma-CVD have been described. Now, formation of a ferroelectric film in the 
prior art will be described below, because the invention also relates to the formation of the ferroelectric film,. 
15 In general, the ferroelectric film is formed by a thermal chemical vapor deposition (thermal-CVD) 
method. A typical example of the thermal-CVD apparatus for this film formation is shown in Fig. 19. 

This apparatus has a process chamber 1 as well as a load lock chamoer 3 connected to the chamber 1 
via a gate valve a. In the process cha.mber 1, there is arranged a substrate holder 4 for holding the 
substrate S10, and the substrate holder 4 is provided with a high-temperature plate heater 41 heating the 
50 substrate mounted on the substrate SlO to a film deposition temperature. If radiation heat is used for 
heating the substrate SlO, the heater 41 is separated from the holder 4. 

The process chamoer 1 is also connected to an exhaust device 6, which mciudes a valve 61, a turbo 
molecular pump 52, a valve 63 and a rotary pump 64 connected in this order. 

The process chamber 1 is also connected to a gas supply unit 2. For forming a ferroelectric film,, one 
generally uses an organic compound gas containing element of the intended ferroelectric film as well as 
another kind of gas which contains oxygen and is different from the oiganic compound gas. In many cases, 
the organic compound is liquid at a room temperature Therefore, the gas supcly unit 2 can supply the 
organic compound into the process chamber 1 py bubbling it. For this ourpose. the gas supply unit 2 is 
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formed of a buDDIer unit 2i for supplying the organic compound, which is liquid at a room temperature, and 

a citferent gas supply unit 22 for supplying the different kind of gas. 

The bubbler unit 21 is provided with one or more sealedly closable containers or bubblers 21 al, 21 a2, 

• which are connected lo gas sources 21 d1, 21 d2, •••of carrier gases via mass-flow controllers 21 b1, 
5 21 b2, ••• and valves 21 c1, 21 c2, •••, respectively. Ends of pipings extending from the mass-flow 

controllers 21 b1, 21 b2, ••• are located near the bottoms of the bubblers 21 al, 21 a2, respectively. 

Upper spaces in the bubblers 21 al, 21 a2, ••• are connected to the process chamber 1 via pipings 

provided with valves 21 el, 21 e2, ••• and pressure regulators 21 f1, 21 12, Each of the pressure 

regulators 21fl, 2lf2, ••• is formed of a pressure regulator valve and a pressure gauge. Temperature 
70 controllers 21 g1, 21 g2, ••• each including a heater and a Peltier element are associated to the bubblers 

21a1, 21a2, •••.A heater 21h is associated to the pipings between the bubblers 21al, 2la2, ••• and the 

process chamber 1. 

The different gas supply unit 22 contains one or more gas sources 223a, 223b, • - • of different kinds of 
gases which are connected to the chamber 1 via mass-flow controllers 221a, 221b, ••• and valves 222a, 
75 222b, • • • . so that a gas containing oxygen and, if required, a different kind of gas such as a carrier gas 
can be supplied into the process chamber 1. 

The load lock chamber 3 is provided with a gate valve b which can be externally opened. A lamp heater 
31 for preheating the substrate SlO is arranged in the chamber 3. The chamber 3 is connected to an 
exhaust device 8. The exhaust device 8 is formed of a valve 81 , a turbo molecular pump 82, a valve 83 and 

20 a rotary pump 84 connected in this order, and the rotary pump 84 is also connected to the chamber 3 via a 
valve 85. When a vacuum pressure is to be applied to the load lock chamber 3 at the atmospheric 
pressure, only the valve 85 is opened and the rotary pump 84 is driven. Once a predetermined degree of 
vacuum is attained, the valve 85 is closed, the valves 81 and 83 are opened, and the rotary pump 84 and 
the turbo molecular pump 82 are driven to maintain the vacuum pressure. 

25 In the operation of depositing ditantalum pentoxide (TazOs) film on the substrate by the above thermal- 

CVD apparatus, the substrate SlO is transferred through the gate valve b into the load lock chamber 3 
heated by the lamp heater 31. Then, the gate valve b is closed, and the exhaust device 8 is driven to attain 
the predetermined degree of vacuum in the chamber 3. Then, the substrate SlO is transferred through the 
gale valve a into the process chamber 1 which is maintained at the predetermined degree of vacuum for 

30 film deposition, i.e., from about hundreds millitorrs to about several torrs by driving the exhaust device 6, 
and is mounted on the substrate holder 4 heated by the heater 41 to a temperature from about 600 to about 
650 • C. Then, the valve a is closed. Subsequently, a carrier gas, i.e., hydrogen (H2) is supplied from the 
gas source 21 dl into the bubbler 21 al storing liquid pentaethoxytantalum (Ta(OC2H5)5) for bubbling 
pentaethoxytantalum, and the generated pentaethoxytantalum gas is supplied into the process chamber 1. 

35 In this operation, the bubbler 21 al is heated to a predetermined temperature by the temperature controller 
21 g1, and, if necessary, the heater 21 h is turned on for maintaining the intended gaseous state. The 
different gas supply unit 22 supplies an oxygen (O2) gas. The bubbling may be performed, for example, 
with an inert gas such as a helium (He) gas or an argon (Ar) gas or a hydrogen gas, and a hydrogen gas 
may be supplied via another passage from the different gas supply unit 22. 

40 The gas thus introduced is decomposed at the vicinity of the heated substrate SlO, so that an intended 

film is deposited on the surface of the substrate SlO. If the film material stored in the bubbler is gaseous at 
room temperature, the material may be cooled to an appropriate temperature by the temperature controller 
2lgl. 

In addition to the ditantalum pentoxide film, the apparatus described above can also form various kinds 
45 of ferroelectric films. For example, it can fornn a lead monoxide (PbO) film from tetraethyllead (Pb(C2H5)<) 
(or lead dipivalylmethanate (Pb(DPM)2) and oxygen (O2) gases, a titanium dioxide (Ti02) film from titanium 
tetrachloride (TiCi*) (or pentaethoxytitanium (Ti(OC2H5)5) or tetraisoproxytitanium (Ti(0-i-C3 H? )i )) and 
oxygen (O2) gases, a zirconium oxide (ZrOs) film from tetra-tert-butoxyzirconiun (Zr(0-1-C< He)* ) and 
oxygen (O2) gases, a barium oxide (BaO) film from diethoxybarium (Ba(OC2H5;2) and oxygen (O2) gases, a 
50 strontium oxide (SrO) film from diethoxy strontium (Sr(OC2H5)2) and oxygen (O2) gases, and a lanthanum 
oxide (LajOs) film from lanthanum dipivalylmethanate (La(DPM)2) and oxygen (O2) gases. Among the 
aforementioned film materials, tetraethyllead, titanium tetrachloride, pentaethoxytitanium and tetraisoprox- 
ytitanium^ are liquid at room temperature, and thus are supplied into the process chamber 1 by bubbling 
them. Lanthanum dipivalylmethanate, diethoxybarium,, diethoxy strontium and lanthanum dipivalylmethanate 
55 are solid at room temperature, so that they are solved, for example, in alcohol such as ethanol for bubbling 
them. Telra-lerl-butoxyzirconium is gaseous at room temperature, so that it may be cooled to an 
appropriate temperature, if necessary or desirable. 
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If a composite oxide film, sucM as a strontium tilanate (SrTiO;) film, bariun meiaiitanate (EaTiOa) film 

nr Tirrnnil im nvirlP tlt?^nilim nVirlp load fPi-xlVr T 1 O- \ film IC tr^ Ko ^r-irr-noH r^t -^^r^ 1 

bubble several kinds of film material liquids containing film forming elements for supplying them to the 
process chamber 1 

However, the film deposition by the plasma-CVD and thermal-CVD described above presents the 
following problems. 

First, the problem caused by the plasma-CVD will be described below. 

According to the plasma-CVD method and apparatus, powder particles are generated due to aaseous 
phase reaction in the plasma, and they form dust which adheres to or are mixed into the film formed on the 
surface of the substrate, resulting in deterioration of the film quality. 

For example, if an amorphous hydrogenated silicon (will be also referred to as "a-Si:H") film is to be 
formed from the material gas of monosilane (S1H4), plasma is formed from the gas for film deposition, and, 
at the same time, high order silane is generated due to the reaction in the gaseous phase and is 
polymerized to generate the dust. 

In order to prevent the dust from adhering to and mixing into the film, the plasma-CVD apparatus has 
generally been devised to suppress generation of the particles in various manners, and more specifically, 
devices are applied to a system for transferring the substrate to the process chamber, arrangement of the 
substrate in the process chamber, materials and others of respective members and film deposition 
conditions (such as a magnitude of the applied power for plasma deposition, a gas pressure during 
deposition and a deposition temperature). Also, cleaning is generally effected on the interior of the process 
chamber, the electrodes and the substrate transternng system during intervals between operations of the 
plasma-CVD apparatus. 

However, even if conditions are determined to suppress the particle generation, the particles inevitably 
adhere to the substrate during film deposition. For example, when the parallel plated plasma-CVD apparatus 
is used to form an amorphous hydrogenated silicon (a-Si;H) film on the substrate from the matenai gas of 
monosilane (SiHt), the particles inevitably adheres to the substrate even if optimum conditions are set to 
suppress the particle generation. 

Meanwhile, as the applied power for plasma formation is increased for increasing a deposition rate, the 
amount of generated particles increases. Therefore, the applied power can be increased only to a limited 
value in view of suppression of the particle generation, so that the deposition rate cannot be increased 
sufficiently. 

In order to suppress the particle generation, the following manner has also been proposed, for example, 
in Japanese Laid-Open Patent publication Nos. 5-51753 (1993) and 5-156451 (1993). For generating the 
plasma from the material gas, a first pulse modulation at a modulation frequency not higher than IkHz (e.g., 
in a range from 400Hz to 1kHz) is effected on an rf-power of a predetermined frequency, and further, a 
second modulation at a cycle period shorter than that in the first pulse modulation is effected in a 
superimposed manner on the above first modulated power. Further, a third pulse modulation at a cycle 
period shorter than that in the second pulse modulation is effected in a superimposed manner on it. By 
applying the rf-power thus produced, film deposition can be carried out without suppressing generation of 
radicals which contribute to the film deposition, while suppressing the particle generation. This plasma-CVD 
utilizes the facts that the radicals contributing to the film deposition have a relatively long life and the 
radicals causing dust particles have a relatively short life, and can suppress the particle generation and 
improve the deposition rate to some extent. However, the suppression of the particles and the improvement 
of the deposition rate can be achieved only to a limited extent and cannot be acnieved sufficiently. 

Also in the above case, the magnitude of the applied power is limited to some extent so as to suppress 
the particle generation in view of the fact that the increased power increases the numbers of generated 
particles. Therefore, the deposition rate is not sufficiently high. 

Particles are generated not only by the plasma-CVD for forming the amorphous silicon film and silicon 
nitride film but also by the plasma-CVD for forming another kind of film such as a carbon film. 

The carbon film has such characteristics that :ts hardness increases in accordance with increase of the 
substrate processing temperature for film deposition. Accordingly, when coating with hard carbon films is 
effected, for example, on cutting tools or machine parts in order to improve their surface hardness, the 
substrate processing temperature is set to 500 • C or more. However, an ECR piasma-CVD or a heat 
filament CVD is generally employed instead of the pa-allel plated plasma-CVD apparatus for setting the 
substrate processing temperature to a high value as described above. According to the ECR plasma-CVD, a 
substrate can be heated up to about 800 • C by positioning it at an ECR resonance point. Owing tc the 
deoosition process under such a hign temperature condition, a DLC film of good quality can oe easi'y 
formea as corr.pa^ed with the film deposition with the parallel plated plasma-CVD apparatus, ana tne ECR 



EP 0 653 501 A1 



plasma-CVD can also produce a diamond film. According to the heat filament CVD, the substrate can be 
heated up to about 900-11 00 'C by radiant heat. Owing to such a high-temperature deposition, a DLC film 
and a diamond film having good quality can be produced easily. Deposition under the high-temperature 
condition by the ECR plasma-CVD and heat filament CVD can suppress the particle generation as 
5 compared with the deposition at the relatively low temperature by the parallel plated plasma-CVD 
apparatus. 

For deposition of the carbon film, therefore, it is preferable to employ the ECR plasma-CVD or heat 
filament CVD in many cases if the substrate has a heat resistance. However, if the substrate is made of a 
material such as synthetic resin not having a sufficient heat resistance, the deposition must be performed at 
70 a relatively low temperature by the parallel plated plasma-CVD apparatus. In the latter case, the particle 
generation cannot be suppressed sufficiently, and further, the deposition rate can be increased only to a 
limited value because the particle generation is promoted as the applied power is increased for increasing 
the deposition rate. 

If the plasma-CVD apparatus, for examples shown in Fig. 17 or Fig. 18, uses a material gas containing 
75 chlorine (CI), and more specifically, if the apparatus forms an amorphous silicon film, silicon nitride film or 
the like from relatively safe silicon tetrachloride (SiCU), or forms a titanium nitride film from titanium 
tetrachloride (TiCU), a problem of the particle generation arises, and the chlorine is liable to remain in the 
deposited film. In order to avoid this, the substrate must be maintained at a high temperature of about 
750 • C or more during deposition, in which case the quality, e.g., of the amorphous silicon film deteriorates 

20 due to the high temperature. This problem is caused not only in the case of use of chlorine compound but 
also in the case that the film deposition gas contains halogen compound due to the fact that the substrate 
must be maintained at a high temperature for avoiding remaining of halogen in the film. 

Further, if the substrate is cleaned by exposing it to plasma which is formed from a pretreatment gas, 
as is done by the plasma-CVD apparatus shown in Fig. 18. such a problem arises that the particles are 

25 generated during film deposition after the cleaning, and further the cleaning itself causes such a problem 
that the process of cleaning the substrate by forming the plasma from the pretreatment gas cannot be 
performed efficiently. Additionally, since it is difficult to clean uniformly the substrate, the film deposited on 
the cleaned substrate cannot have a sufficiently uniform thickness. 

Problems relating to a ferroelectric film by the thermal-CVD will be described below. 

30 When forming the film by the thermal-CVD apparatus shown in Fig. 19, a supplying ratio of the film 

material gases supplied to the process chamber is not equal to a composition ratio of the deposited 
ferroelectric film, so that the composition ratio and hence quality of the deposited film cannot be controlled 
easily. 

If the substrate is maintained at a high temperature of about 650 • C or more, which is preferable for 

35 improving the film quality, atoms such as lead (Pb) atoms having a high vapor pressure are liable to escape 
into the atmosphere. Therefore, if organic compound containing such an element is used as the film 
material, the required amount of the material and hence the film formation cost increase, and further it is 
difficult to control uniformity of the film thickness. 

Further, the deposition rate is low, and, for example, the zirconium oxide titanium oxide lead (Pb(2r,Ti)- 

40 xO;) described above cannot be deposited at a rate exceeding about 60A,'min. 

In order to prevent the above problem relating to deposition of the ferroelectric film, a plasma-CVD 
apparatus, for example, shown in Fig. 20 miay be employed, which was developed by the inventors during 
development of the invention. 

This apparatus differs from the thermal-CVD apparatus shown in Fig. 19 in thai a ground electrode 7 

4S also serving as a substrate holder is provided instead of the substrate holder 4, and an rf-electrode 5 is 
opposed to the electrode 7 in the process chamber 1 . The electrode 7, which serves as a power application 
electrode, applies an rl-power to a film material gas introduced between the electrodes 5 and 7 for forming 
the plasma, and is connected to an rf-power source 52 via a matching box 51. The electrode 7 is provided 
witn a high-temperature plate heater 7i for heating the substrate Si 0 to a deposition temperature. 

50 In the operation of forming, for example, a ditantalum penioxide film by the aforementioned plasma- 
CVD apparatus shown in Fig. 20. the substrate S10 transferred into the process chamber 1 is mounted on 
the electrode 7, and then, predetermined amounts of pentaethoxytantalum gas and oxygen gas are 
introduced into the process chamber 1 from the gas supply unit 2 similarly to the case of forming the 
ditantalum pentoxide film by the apparatus shown in Fig. 19. Also, the rf-power source 52 applies the rf- 

55 power to the rf-electrode 5. Thereby, the plasma is formed from the introduced gases, and the ditantalum 
pentoxide fiim is deposited on the surface of substrate SIO in the plasma. 

Other structure and operation are the same as those of the apparatus shown in Fig. 19. The same 
portions and parts as those in the apparatus shown in Fig. 19 bear the same reference numbers. 
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Even in the plasma-CVD apparatus described above, however, particles generated by gaseous phase 

resulting in detenoration ol the film quality. Accordingly, it is preferable or necessary to restrict the applied 
power for suppressing the particle generation in view of the fact that increase of the applied power 
5 promotes the particle generation. However, this i educes the deposition rale. 

Further, defects occur at the vicinity of the boundary between the substrate and the film, due to plasma 
damage, so that the dielectric constant of the film decreases to some extent. 

Accordingly, it is a first object of the invention to provide a plasma-CVD method and a plasma-CVD 
apparatus, in which generation of radicals causing generation of dust particles can be suppressed without 
10 preventing generation of radicals conthbuting to film deposition, so that the film deposition can be 
performed without excessively reducing a deposition rate or at an improved deposition rate, and film quality 
can be improved owing to suppression of the particle generation. 

A second object of the invention is to provide a plasma-CVD method and a plasma-CVD apparatus, 
which require neither use of a dangerous gas such as monosilane (SiHt) nor high-temperature deposition 
75 deteriorating film quality, but can safely form various kinds of films such as an amorphous silicon film, a 
silicon compound film such as a silicon nitride film and a titanium (Ti) compound film such as a tit::nium 
nitride film without excessively reducing a deposition rate or at an improved deposition rate, while 
suppressing generation of dust particles, which causes deterioration of the film quality. 

A third object of the invention is to provide a plasms-CVD method and a plasma-CVD apparatus for 
20 forming a carbon film, which can perform deposition without excessively reducing a deposition rate or at an 
improved deposition rate and can also suppress generation of dust particles, which deteriorates film quality, 
even in a film forming process at a relatively low temperature by plasma-CVD such as a film forming 
process by parallel plated plasma-CVD method and apparatus. 

A fourth object of the invention is to provide a plasma-CVD method and a plasma-CVD aooaratus, in 
25 which plasma is formed from a pretreatment gas by applying an rl-power to the same, a ;jbstrate is 
exposed to the plasma to clean the substrate, and then the substrate is exposed to plasma, whicn is formed 
by applying an rf-power to a deposition material gas, to deposit a film on the substrate, and particularly, to 
provide the apparatus and method, in which the substrate can be cleaned up efficiently and uniformly, and 
thickness uniformity of the film deposited on the cleaned substrate can be improved owing to the uniform 
30 cleaning of the substrate, and in which the film can be deposited without excessively reducing a deposition 
rate or at an improved deposition rate while suppressing generation of dust particles deteriorating the film 
quality. 

A fifth object of the invention is to provide a plasma-CVD method and a plasma-CVD apparatus for 
forming a ferroelectric film, which can achieve the followings. For forming a film containing atoms such as 

35 lead atoms having a high vapor pressure, it is not necessary to perform a high-temperature deposition, 
which deteriorates a film quality, requires a large amount of film material and presents the difficulty in 
controlling uniformity of a film thickness. A film composition ratio and hence fiim quality can be controlled 
more accurately than a thermal-CVD Generation of dust particles deteriorating the film quality can be 
suppressed. Excessive reduction of a deposition rate can be prevented, or a deposition rate can be 

40 improved. 

A sixth object of the invention is to provide a plasma-CVD method and a plasma-CVD apparatus for 
forming a ferroelectric film, which can achieve the followings. For forming a film containing atoms such as 
lead atoms having a high vapor pressure, it is not necessary to perform a high-temperature deposition, 
which requires a large amount of film material and presents the difficulty in controlling uniformity of a film 

15 thickness. It is possible to prevent reduction of a dielectric constant of a film, which is caused in a 
conventiona! plasma-CVD method of forming a ferroelectric film due to defects caused by plEsrr,a damage 
at the vicinity of a boundary between the film and a substrate. Also, generation of dust particles 
deteriorating the film quality can be suppressed. Further, excessive reduction of a deposition rate can be 
prevented, or a deposition rate can be improved. Furthermore, a film composition ratio and hence film 

50 quality can be controlled accurately. 

In order to achieve the first object, the invention proviaes a plasma-CVD method inducing the steos of 
terming plasma from a film deposition material gas in a process chamber, and, in the plasma, depositing a 
fiim. on a suost'ate disposed in the process chamber, wherein formation of the plasma from the m,aterial gas 
is performed oy apolication of an rf-power prepared by effecting an am,plitude modulation on a basic rf- 

55 power having a frequency in a range from lOMHz to 200MH2, the amplitude modulation being performed at 
a modulation frequency in a range from 1,1000 to I.'IO of the frequency of the basic rf-power. The invention 
also provides a plasma-CVD apparatus including a orocess chamoer for accommodating a sucstrate for 
deposition, a gas supply unit for supplying a filmi deposition material gas into the process chamoer, and rf- 
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power applying means for applying an rt-power to the material gas supplied from the gas supply unit into 
the process champer to form plasma from the material gas, wherein the rf-power applied by the r(-power 
applying means is prepared by effecting an amplitude modulation on a basic rf-power having a frequency in 
a range from 10MHz to 200MHz. the amplitude modulation being performed at a modulation frequency in a 
range from 1/1000 to 1/10 of the frequency of the basic rf-power. Hereafter, the aforementioned method and 
apparatus will be referred to as a "primary plasma-CVD method" and a "primary plasma-CVD apparatus". 
The basic idea and concept for the rf modulation are as follows; 

1. A1 the beginning of plasma initiation, electrons are stripped from molecular gas and are accelerated to 
have high energy. These high energy electrons collide with surrounding molecules and form plasma. 
Within a certain time which should be compared with time of collision between an electron and a gas 
molecule, these high energy electrons survive and plasma itself has non-Maxwellian distribution which 
means nonthermal condition. On this time scale, electron energy can be controlled and radicals which 
contribute to a film deposition can be more effectively produced compared with a continuous discharge. 
So the modulation frequency of rf is chosen by taking an operation pressure into consideration and 
controlling the electron energy for effective production of deposition responsible radicals. 

2. Another factor is to avoid dust formation in gas phase. This can be also done by rf modulation. 
However, the modulation frequency depends on the plasma process and may be quite different from the 
above mentioned reason (Case 1). In addition to these advantages, the method of rf modulation can 
provide several good effects such as an improved uniformity (electrostatically free period allows 
diffusion) and an improved quality of deposited film (depositin rest period enables some readjustment of 
lattice). These considerations and arguments are generally applied to the rf modulation frequency in this 
spesification and the appended claims. 

In the above plasma-CVD method and apparatus, the basic rf-power before the modulation may have a 
waveform such as a sinusoidal, square, saw-tooth-like or triangular waveform. 

The basic rf-power before the modulation has the frequency from lOMHz to 200MH2 for the following 
reason. If the frequency were lower than lOMHz, the plasma would not be formed efficiently, if it were 
higher than 200MH2. the efficiency of plasma formation would not be improved even by the modulation as 
compared with the efficiency by the conventional method and apparatus, and a power cost would increase. 

The modulation frequency is in the range from 1/1000 to 1/10 of the frequency of the basic rf-power 
from lOMHz to 200fvlH2. If it were lower than 1/1000 of the frequency of the basic rf-power, the rate of 
amplitude modulation would be low, so that it would be difficult to generate radicals contributing to the 
deposition while suppressing generation of radicals causing generation of dust. If the modulation frequency 
were higher than 1/10 of the basic frequency, it would be difficult to generate the plasma stably. 

For achieving the first object more surely, the pnmary plasma-CVD method may be executed in such a 
manner that the formation of the plasma from the deposition material gas is effected with an rf-power which 
is prepared by effecting the aforementioned amplitude modulation (first amplitude modulation) on the basic 
rf-power, and additionally effecting a second amplitude modulation at a modulation frequency in a range 
from 1/100 to 100 times the modulation frequency of the first amplitude modulation. Also in the above 
primary plasma-CVD apparatus, the rf-power applying means may be adapted to effect the amplitude 
modulation on the basic rf-power and to effect a second amplitude modulation at a modulation frequency in 
a range from 1/100 to 100 times the modulation frequency of the first amplitude modulation on the 
modulated rf-power. If the frequency of the second amplitude modulation were higher than 100 times the 
first modulation frequency, the second amplitude modulation would not achieve a sufficient effect. If it were 
lower than i/lOO, a deposition rate would excessively decrease. 

The aforementioned first "amplitude modulation" and aforementioned second "amplitude modulation" 
as well as "amplitude modulation" which will be used in the specification and the appended claims each 
conceptionally include a pulse modulation by on and off of the applied power and a modulation in a pulse- 
like form. 

The modulation frequency in the first amplitude modulation is set in a range from VIOOO to 1/10 of the 
basic rf-power frequency, as already descnbed. Preferably, it is set in a range from 1/270 to 1/68 of the 
basic rf-power frequency (about 50kHz to about 200kHz if the basic rf-power frequency is 13.56ryiHz), and 
more preferably, it is set in a range from 1/270 to 1/135 of the basic rf-power frequency (about SOkHz to 
about lOOkHz, e.g., 68kHz or about 68kH2, if the basic rf-power frequency is l3.56MHz). 

Typically, the first modulation and second modulation described above may be executed by turning on 
and off the applied power (in other words, pulse modulation or pulse-like modulation) in view of effective 
suppression of particle gene-ation. In this case, a duty ratio, i.e., a ratio of power-on period to one cycle 
period o' the modulation wave (on period / (on - off) period) can be arbitrarily set, and typically may be 
about 50%, in which case suppression of the generation of dust particles can be performed in a well- 
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Daianced manner and prevention of excessive 'educiion of trie deposition rate or improvennent of the 

rttsnociTinn rslp ran nprfnrmpri in 3 wpll-nglancec^ '^HnDer. 

Typically, tfie modulated rl-power for forming the gas plasma may be originally produced Dy an rf-wave 
generator such as a so-called "function generator" capable of generating an intended rf-wave, and may be 
amplified by an amplifier. Alternatively, it may be prepared by producing the basic rf-power of the 
frequency in a range from lOMHz to 2OOMH2 and then effecting an amplitude modulation on the same. 

The above desciption on the concept of the "amplitude modulation", the modulation frequency and 
means for generating the modulated rf-power and others described above can be applied to plasma-CVD 
methods and plasma-CVD apparatuses of the invention which will be described hereinafter. 

The aforementioned primary plasma-CVD method and apparatus can form films at the effect, .-ely 
improved deposition rate while effectively suppressing the generation of dust, and typically, such films may 
be an amorphous hydrogenated silicon (a-Si:H) film, an amorphous hydrogenated silicon nitride (will be also 
referred to as "a-SiNiH") film and an amorphous hydrogenated silicon oxide (will be also referred to as "a- 
SiO:H") film. For forming such films, the first modulation frequency is preferably in a range from 1/270 to 
1/B8 of the basic rf-power frequency, more preferably in a range from 1/270 to 1/135, and typically about 
1/200. 

According to the primary plasma-CVD method and apparatus described above, the plasma forming 
power is prepared by effecting the amplitude modulation at the modulation frequency from 1/1000 to 1/10 of 
the basic rf-power frequency on the basic rf-power of the frequency from lOMHz to 200MHz. so that 
generation of radicals causing the generation of dust particles can be suppressed without preventing the 
generation of radicals contributing to the deposition, and hence the dust generation can be suppressed 
sufficiently in contrast to the case not performing such modulation. Thereby, the film of high quality 
containing less defects can be formed, and the deposition rate can be prevented from excessive reduction 
or can be improved. 

Since the dust particle generation is suppressed, the flow rate of the deposition gas and the magnitude 
of the power applied for forming the plasma from the gas can be improved, and correspondingly the 
deposition rate can be further improved. 

Since the generation of oust particles can be suppressed, adhesion of particies to various portions of 
the process chamber can be suppressed, and hence the frequency of required maintenance can be 
reduced, so that the working efficiency of the apparatus is improved and hence the manufacturing cost of 
the film can be reduced. 

These advantages can be easily achieved without significantly modifying the conventional apparatus. 

With respect to the suppression of particles and the improvement of the deposition rate, the primary 
plasma-CVD method and apparatus can provide the following advantages. For forming a film such as an a- 
Si;H film or an a-SiN:H film, which is generally produced from the deposition gas of monosilane (SiHt), the 
method and apparatus can suppress the generation of SiH radicals and S1H2 radicals, which cause the dust 
generation, as compared with the whole radicals produced by decomposition of SiH», and do not suppress 
generation of SiH: radicals contributing to the film deposition. Therefore, the dust generation can be 
effectively suppressed and the deposition rate can be prevented from excessive reduction or can be 
improved as compared with the case not executing the modulation. 

If the rf-power is prepared by the first and second amplitude modulations, the generation of particles 
can be suppressed more surely, and the film quality is further improved. Also, the deposition rate is also 
improved. This improvement of deposition rate will be probably achieved owing to the fact that the second 
amplitude modulation further increases an electron temperature in the plasma, and this correspondingly 
promotes the gas decomposition. 

In order to achieve the aforementioned second object, the present invention provides a plasma-CVD 
method which includes the steps and features of the pnmary plasma-CVD method and further includes such 
features that the deposition material gas is a halogen compound gas usee for forming a predetermined film, 
or is mixture of a halogen compound gas and a oitferent kind of gas different from the halogen compound 
gas, the different kind of gas being used for forming the predetermined film together with the halogen 
compound gas. The invention also provides a plasm,a-CVD apparatus, achieving the second object, which 
includes the features of the primary plasm.a-CVD apparatus and furhe: incluaes sucn features that the 
Deposition material gas supplied by the material gas supply unit is halogen compound gas used tor forming 
a preaetermined film, or is mixtu'e of a halogen compound gas and a different kind of gas different from, the 
halogen compound gas. the different kind of gas being used for forming the predetermined film, together 
with the halogen compounc gas. 

The haogen conpouno gas which is used as the single material of the film in the above method and 
apparatus may be a silicon tetrachloride (SiCU) gas or a difiuoro silane (SiH;F:) gas for forming an 
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amorphous silicon (will be also retfered to as "a-Si") film or a silicon nitride film, a titanium tetrachloride 
(TiCli) gas for forming a titanium nitride film, or a carbon tetrachloride (CCU) gas or a 
chlorotrifluoromethane (CCiFs) gas for forming a carbon (C) film, and others. The combination of the 
aforementioned halogen compound gas and the diflerent kind of gas which forms the predetermined film 
5 together with the halogen compound gas may be combination of a silicon tetrachloride (SiCU) gas and a 
hydrogen (H;) gas for forming an a-Si film, combination of a silicon tetrachloride (SiCU) gas and an 
ammonia (NHa) gas for forming a titanium nitride film, a SiCU gas and a methane (CHt) gas for forming a 
silicon carbide film, or combination of a titanium tetrachloride (TiCU) gas and a methane (CHt) gas for 
forming a titanium carbide film, and others. 
TO If the halogen compound is liquid at room temperature, this may be bubbled with a hydrogen (Hz) gas, 

nitrogen (Nj) gas or an inert gas such as a helium (He) gas, neon (Ne) gas, argon (Ar) gas krypton (Kr) gas 
or the like to obtain the gas of the halogen compound. 

According to these plasma-CVD method and apparatus, when depositing, for example, an amorphous 
silicon film, a silicon compound film such as a silicon nitride film, or a titanium compound film such as a 
76 titanium nitride film, the halogen compound gas is used as the material gas for forming the intended film, or 
alternatively, mixture of the halogen compound gas and the gas of a kind different from the halogen 
compound gas for forming the intended film is used as the material gas. The material gas is converted into 
the plasma by application of the rf-power prepared by effecting the amplitude modulation at the modulation 
frequency from 1/1000 to 1/10 of the basic rf-power frequency on the basic rf-power of the frequency from 
20 1OMH2 to 200MHz, and the deposition is performed in the plasma thus formed. In this manner, the 
amorphous silicon film, silicon compound film, titanium compound film and others can be deposited safely 
without Lising a dangerous gas. Since formation of the plasma from the gas is performed by application of 
the amplitude-modulated rf-power, the particle generation is suppressed, and the film quality is improved. 
Also, excessive reduction of the deposition rate is prevented, or the deposition rate is improved. Also, it is 
25 possible to reduce the number of halogen atoms remaining in the deposited film, so that it is not necessary 
to maintain the substrate at a high temperature during deposition, which prevents deterioration of the film 
quality. The reduction in number of the halogen atoms remaining in the film is probably caused by the 
irradiation of fast electrons in the plasma. Here, the "fast electrons" are high energy part of non Maxwellian 
electrons shown as the tail b of curve a in Fig. 14 representing a relationship between an electron energy 
30 and a time relating to application of the rf-power. 

In order to suppress the particle generation and improve the deposition rate more surely, the above 
method and apparatus may be adapted to form the plasma from the material gas by applying the rf-power, 
which is prepared by effecting the amplitude modulation on the basic rf-power and additionally effecting a 
second amplitude modulation on the modulated rf-power in a superposed manner, a modulation frequency 
35 of the second amplitude modulation being in a range from 1/100 to 100 times the modulation frequency of 
the first amplitude modulation. 

In order to achieve the aforementioned third object, the present invention provides a plasma-CVD 
method which includes the steps and features of the primary plasma-CVD method, and further includes 
such features that the film to be deposited is a carbon film, and the deposition material gas is a 
40 hydrocarbon compound gas used for forming a predetermined carbon film, or is mixture of a hydrocarbon 
compound gas and a different kind of gas different from the hydrocarbon compound gas, the different kind 
of gas being used for forming the predetermined carbon film together with the hydrocarbon compound gas. 
The invention also provides a plasma-CVD apparatus, achieving the third object, which includes the features 
of the primary plasma-CVD apparatus and further includes such features that the deposition material gas 
45 supplied by the material gas supply unit is a hydrocarbon compound gas used for forming a predetermined 
carbon film, or is mixture of a hydrocarbon compound gas and a different kind gas different from the 
hydrocarbon compound gas, the different kind Of gas being used for forming a predetermined carbon film 
together with the hydrocarbon compound gas. 

In these method and apparatus, the hydrocarbon compound used therein may be alkane such as 
50 methane (CHt), ethane (C2Hs), propane (CsHe) or butane (CtH-o), cycloalkane such as cyclopropane 
(C;Hi) or cyclobutane (CiHg), alkene such as ethylene (C2Ht), propene (CsHg) or buiene (CiHe), alkyne 
such as acetylene (C2H2), and others. One, two or more among them can be used. Although each of them 
can be used as a single m.aterial gas for the carbon film, they may be used together with a different kind of 
gas such as a hydrogen gas or an inert gas (e.g.. He gas, Ne gas, Ar gas, or Kr gas) for forming the carbon 
55 film. 

According to these plasma-CVD method and apparatus, when depositing the carbon film, the hydrocar- 
bon compound gas is used as the material gas, or alternatively, mixture of the hydrocarbon compound gas 
and the gas of the kind different from the hydrocarbon compound gas for forming the intended carbon film 
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together witn trie hydrocarbon compound gas is used as the material gas. i he material gas is converted 
into the Diasma nv aoolication of the rf-oower prenarRC by eflprtinn thP qmnhtuno rmriniation ai the 
modulation frequency from 1/1000 to 1/'10 of the basic rl-power frequency on the basic rf-power of the 
frequency from IDMHz to 200MHz, and the carbon film is deposited in the olasma. According to these 
5 method and appaiatus, the carbon film can be deposited at a relatively low lemoerature, and the generation 
of dust particles is sufficiently suppresses as compaied with the conventional plasma-CVD. Also, excessive 
reduction of the deposition rate can be prevented or the deposition rate can be improved. 

Owing to the first amplitude modulation, a diamond-like carbon film (DLC film) of a high Quality can be 
formed. This is probably achieved by the irradiation of the high energy electrons (see Fig. 14) in the 
10 plasma. 

In order to suppress the particle generation and improve the deposition rate more surely, the above 
method and apparatus may be adapted to form the plasma from the material gas by application of the rf- 
power, which is prepared by effecting the amplitude modulation on the basic rf-power and additionally 
effecting a second amplitude modulation at a modulation frequency, which is in a range from 1/100 to 100 
75 times the modulation frequency of the first amplitude modulation, on the modulated rf-power. 

In order to achieve the aforementioned fourth object, the present invention provides a plasma-CVD 
method, which includes the steps and features of the pnmary plasma-CVD method, and further includes the 
steps of introducing a pretreatment gas into the process chamber, forming plasma from the pretreatment 
gas by application of an rf-power prepared by effecting an amplitude modulation on a basic rf-power of a 
20 frequency in a range from 10MHz to 200tviHz. a modulation frequency of the amplitude modulation being in 
a range from 1/10^ to 1/10 of the frequency of the basic rf-power, exposing the substrate to the plasma of 
the pretreatment gas for cleaning the substrate, introducing the deposition material gas into the process 
chamber, acplying the modulated rf-power prepared for forming the plasma from the deposition material 
gas to form the plasma, and depositing the film on the cleaned surface of the substrate. The invention also 
25 provides a plasma-CVD apparatus, which includes the features of the primary plasma-CVD apparatus and 
further includes such features that it includes a pretreatment gas supply unit for supplying a pretreatment 
gas into the process chamber, and rf-power applying means for forming plasma from the pretreatment gas 
supplied from the pretreatment gas supply unit into the process chamber, and that the rf-power applying 
means for the pretreatment gas applies the rf-power prepared by effecting an amplitude modulation on the 
30 basic rf-power of a frequency in a range from 10MHz to 200MHz, a modulation frequency of the amplituoe 
modulation being in a range from 1/10- to 1/10 of the frequency of the basic rf-power. 

In the above plasm.a-CVD apparatus and plasma-CVD method, the basic rf-power before modulation 
may have a wave form such as a sinusoidal, square, saw-tooth-like or triangular waveform. 

The unmodulated basic rf-power for the cleaning has the frequency from lOrviHz to 200MHz as 
35 described above. If the frequency were lower than 10MHz, it would be impossible to efficiently generate the 
plasma. If it were higher than 200MH2, the efficiency of plasma formation would not be improved even by 
the modulation as compared with the efficiency by the conventional method and apparatus, and the power 
cost would increase. 

The modulation frequency is in the range from 1/10^ to 1/10 of the frequency of the basic rf-power in 
40 the range from 10MHz to 200MHz. If the modulation frequency were lower than 1/10^ of the basic rf-power 
frequency, the cleaning efficiency would decrease. If it were higher than 1/10, the rate of amplitude 
modulation would be low, and thus the power would be applied in a manner similar to a continuous 
application, so that it would be impossible to suppress sufficiently the generation of radicals causing the 
generation of dust. 

45 Formation of the plasma from the pretreatment gas may be performed with an rf-power, which is 
prepared by effecting the amplitude modulation (first amplitude modulation) on the oasic rf-power and 
additionally effecting a second amplitude modulation on the modulated rl-power, a modulation frequency of 
the second amolitude modulation being in a range from 1/100 to 100 times the modulation frequency of the 
first amplitude modulation. If the frequency of the second amplitude modulation were higher than 100 times 

50 the frequency of the first amplitude modulation or lower than 1/100 thereof, the cleaning cannot be 
performed sufficiently. 

Typically, each amolitude modulation described above may be a miodulation performing turn-on and 
turn-off of the applied power (i.e., pulse modulation or pulse-like modulation) in view o' effective suppres- 
sion o' the particle generation. 
55 The modulated rf-power for forming the plasma from the pretreatment gas may be originally produced 
by an r(-wave generator such as a so-called "function generator" capable of generating an intended rf-wave, 
anc m,ay be amplified by an amolifier. Alternatively, it may be prepared by prooucing the basic rf-power of 
the frequency in a range from ICMHz to 200MHz and then effecting an amplitude modulation on tne same. 
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In the above method and apparatus, it is preferable that the amplitude-modulation rl-power is applied to 
the pretreatment gas for a predetermined time period so as to form the plasma, and consequently the 
deposition is performed by application of the modulated rf-power forming the plasma from the deposition 
material gas, whereby it is possible to prevent an instable stale of the plasma, which may be caused if the 
5 power is turned off and then turned on during a period from the cleaning process to the start of deposition. 

The rf-power applying means for forming tfie plasma from the pretreatment gas may serve also as the 
rf-power applying means for forming the plasma from the deposition gas. 

The pretreatment gas used in these method and apparatus may be a hydrogen (Hj) gas, oxygen (O2) 
gas, ammonia (NHa) gas, nitrous oxide (NzO) gas, methane (CH^) gas, hydrogen chloride (HCI) gas or the 
70 like., and one, two or more among them can be used. The film to be deposited, the material of the film for 
deposition and the pretreatment gas for the cleaning may be selected, for example, in accordance with the 
combination show in the following table. 



25 



Film 


Film Material 


Pretreatment Gas 


Amorphous Silicon 


SiH*, H2 
SiCU, H2 


Hz 
Hz 


Silicon Dioxide 


SiHi, H2, O2 
SiCU, N2O 
SiCU, O2. H2 
TEOS-, O2 


Hz, O2 
NzO. Hz 
Hz, O2 
O2, Hz 


Silicon Nitride 


SiHi, NH3 
SiCU. NH3 


NHs, Hz 
NH3, Hz 


Silicon Carbide 


SiHt, CH*, H2 
SiCU, CHt, H2 


Hz , CHi 
Hz, CHi 


Titanium Dioxide 
Titanium Nitride 
Titanium Carbide 
Aluminum Oxiide 
Aluminum Nitride 
Iridium Dioxide 


TICU, O2, Ho 
TiCU, NH3, Hz 
TICU, CH4, Hz 
AlCI, O2, Hz 
AlCI, NH3, Hz 
IrFz, Hz, 02 


Hz, Oz 
Hz, NHs 
H2 , CHa 
Hz, Oz, HCI 
Hz, NH3, HCI 
Hz, Oz 



TEGS'; tetraethoxysilicon 
35 — 

If the film material is liquid at room temperature, this may be bubbled with a hydrogen (Hz) gas, 
nitrogen (Nz) gas or inert gas such as a helium (He) gas, neon (Ne) gas, argon (Ar) gas, krypton (Kr) gas or 
the like to obtain a gas of the material compound. Among the film materials in the table, SiCU, 
40 tetraethoxysilicon, TiCU and iridium difluoride (IrFz) are liquid at room temperature. For example, SiCU and 
IrFz are bubbled with Hz gas, and tetraethoxysilicon and TiCU are bubbled with Hz gas or Nz gas. 

Among the material gases, if the compound gas which is gaseous at room temperature is used as the 
carrier gas, the same gas may be used as the deposition material gas. 

According to these plasma-CVD method and apparatus, the plasma is formed from the pretreatment 
45 gas to clean the substrate before deposition, and the rf-power applied to the pretreatment gas for forming 
the plasma is prepared by effecting the amplitude modulation at a frequency, which is in a range from 1/10^ 
to 1/10 of the frequency of the basic rf-power, on the basic rf-power of the frequency from 10MHz to 
200MHz. 

Owing to employment of the modulated power thus prepared, a generation region of the plasma for the 
50 cleaning spreads wide, so that the substrate is cleaned uniformly. Therefore, the thickness uniformity of the 
film deposited on the cleaned substrate is improved. 

The employment of the modulated power described above improves the cleaning efficiency. The reason 
of this is probably that, owing to the employment of the above modulated power, non Maxwellian high 
energy electrons in the plasma act to promote decomposition in the gaseous phase and thus increases the 
56 concentration of radicals contributing to the cleaning. 

Deposition of the film after the substrate cleaning is performed in the plasma which is prepared by 
effecting the amplitude modulation of a frequency, which is in a range from 1/1000 to 1/10 of the frequency 
of the basic rf-power, on the basic rf-power of the frequency from lOMHz to 200MHz. In this manner. 
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generation of the Oust particles is sufficiently suppressed, and the deposition rate is prevented from 

In these plasma-CVD method and apparatus performing the pretreaiment, formation of the plasma from 
the depcsitin material gas may be performed with an rt-power, which is prepared by effecting a first 
5 amplitude modulation on the basic rf-power and additionally effecting a second amplitude modulation on the 
modulated rf-power, a modulation frequency of the second amplitude modulation being in a range from 
1/100 to 100 times the modulation frequency of the first amplitude modulation. 

In order to achieve the aforementioned fifth object, the present invention provides a plasma-CVD 
method, which includes the steps and features of the primary plasma-CVD method, and further includes 
10 such features that the film to be formed is a ferroelectric film, and the deposition material gas includes an 
organic compound gas containing an element of the ferroelectric film to be formed and a gas containing 
oxygen and differing in l<ind from the organic compound gas. The invention also provides a plasma-CVD 
apparatus, which includes the features of the pnmary plasma-CVD apparatus and further includes such 
features that the material gas supply unit supplies the deposition material gas which contains at least an 
js organic compound gas containing an element of the ferroelectnc film to be formed and a gas containing 
oxygen and differing in kind from the organic compound gas. 

For forming the ferroelectric film according to these plasma-CVD method and apparatus, the deposition 
material gas includes the organic compound gas containing an element of the ferroelectric film to be formed 
and the gas containing oxygen and diffenng in kind from the organic compound gas. The ferroelectric film 
20 IS deposited on the substrate in plasma formed from the deposition material gas by applying thereto an rf- 
power, which is prepared by effecting the amplitude modulation (first amplitude modulation) at the 
frequency, which is in a range from 1/1000 to 1/10 of the frequency of the basic rf-power, on the basic rf- 
power of the frequency from lOfwIHz to 200MH2 . The ferroelectnc film is deposited on the substrate in the 
plasma thus generatec. Since the first amplitude modulation is effected on the rf-power applied for 
25 generating the plasma, a concentration of radicals contributing to film deposition in the plasma increases, so 
that it is not necessary to maintain the substrate at a high temperature during deposition. Therefore, atoms 
having a high vapor pressure in the film are suppressed from being escaping into the atmosphere, so that 
the required quantity of the film material can be reduced and the thickness uniformity of the film can be 
improved even if the film to be deposited contains the atoms such as lead atoms having a high vapor 
30 pressure. Since the concentration of radicals conthbuting to the deposition in the plasma increases, the film 
quality such as a film composition ratio can be improved. Further, generation of the dust particles which 
deteriorate the film quality is suppressed, and the deposition rate is prevented from excessive reduction or 
is improved. 

In order to further ensure suppression of generation of the dust particles and improvement of the 
35 deposition rate in these method and apparatus, tne plasma for deposition may be formed from the 
deposition material gas by applying the rf-power which is prepared by effecting the first amplituoe 
modulation on the basic rf-power and further effecting thereon a second amplitude modulation at a 
modulation frequency in a range from 1/100 to 100 times the modulation frequency of the first amplituoe 
modulation. 

40 In order to achieve the aforementioned sixth object, the present invention provides a plasma-CVD 
method, which includes the steps and features of the primary plasma-CVD method, and further includes 
such features that the film to be formed is a ferroelectric film, the deposition matenal gas includes an 
organic compound gas containing an element of the ferroelectric film to be formed and a gas containing 
oxygen and diffenng in kind from the organic compound gas, and that it includes the steps of thermally 

4S decomposing the deposition material gas phor to the formation of the plasma from the deposition material 
gas, exposing the substrate to the decomposed material gas to form a boundary layer made of a 
ferroelectric layer, thereafter forming the plasma by applying the amplitude-modulated rf-power to the 
material gas, and subsequently exposing the boundary layer on the substrate to the plasma to form the 
ferroelectnc film. 

50 The invention also provides an apparatus for executing the above method, which includes a process 
chamber accommodating a substrate for forming a fiim on the same, a gas supply unit for supplying to the 
process chamber a deposition material gas which contains at leas: an organic compound gas containing an 
element of the ferroelectric film to be formed and a gas containing oxygen and differing in kind from, the 
organic compound gas, heating means for thermally decomposing tne deposition matenal gas supplied 

55 from tne gas supply unit to the process chamber, and rf-power supplying means for supplying an rl-power 
to the matenal gas supplied from the gas supply unit to the process chamber tor forming plasma from the 
maienal gas. The rf-power applying means applies the ri-power, which is prepared by effecting the 
amplitude modulation on a basic rf-power o' a frequency from lOMHz to 200MHz. a modulation frequency 
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Of -he amplitude modulation being in a range from 1/1000 to 1/10 of the frequency of the basic r^-power. 

According to these method ana apparatus for forming the ferroelectric film, the ferroelectric film such as 
a ditantalum pentoxide (Ta.Os) film is formed in such a manner that, prior to formation of the plasma from 
the deposition material gas by applying the rf-power thereto, the material gas ,s thermally decomposed to 
form the boundary layer made of the ferroelectric layer on the substrate, and subsequently, the ferroelectric 
film is deposited on the boundary layer ,n the plasma formed fiom the material gas. If the boundary layer 
were not formed, defects would be caused by plasma damage at the vicinity of a boundary between the 
substrate and the film forr^ed in the plasma, and consequently, the dielectnc constant of the film would 
decrease. The boundary layer can prevent this disadvantage. ^. ^ v 

The plasma is formed from the deposition material gas by applying thereto the rf-power, which ,s 
nreoared by effecting the amplitude modulation (first amplitude modulation) at the frequency, which is in a 
ranae from 1/1000 to 1/10 of the frequency of the basic rl-power, on the basic rf-power of the frequency 
fror^ lOMHn to 200MHz. A major portion of the ferroelectric film is formed at a relatively low temperature in 
the plasma thus formed. Since the first amplitude modulation is effected on the ri-power applied for 
generating the plasma, a concentration of radicals contributing to film deposition in the plasma increases, so 
that it IS not necessary to maintain the substrate at a high temperature during deposition. Therefore, atoms 
having a high vapor pressure in the film are suppressed from being escaping into the atmosphere, so that 
the required quantity of the film matenal gas can be reduced and the thickness uniformity of the fMm can be 
improved even when the film to be deposited contains the atoms such as lead atoms having a high vapor 
pressure Since the concentration of radicals contnbuting to the deposition in the plasma increases, .he filnn 
quality such as a film composition ratio can be improved. Further, generation of the dust particles which 
deteriorate the film quality is suppressed, and the deposition rate is prevented from excessive reduction or 

ZTer to further ensure suppression of generation of the dust particles and improvement of the 



is improved 



25 deposticn rate in these method and apparatus, the plasma may be formed from the deposition matenal gas 
by applying the ri-power which is prepared by effecting the amplitude modulation on the basic ri-power and 
further effecting thereon a second amplitude modulation at a modulation frequency in a range from 1/100 to 
100 times the modulation frequency of the first amplitude modulation. 

in these method and apparatus, the thickness of the boundary layer formed by thermal decomposition 
30 of the material gas may be from about 10 to about 200A depending on a kind of the film to be deposited. If 
it were smaller than IDA, it would be impossible to perfectly avoid the film defect, which may be caused by 
plasma damage. If it were larger than 200A, deposition of the film requires an excessively long time. 

In each of the aforementioned plasma-CVD methods and apparatuses for forming the ferroelectric film, 
the organic compound containing the element of the ferroelectnc film to be deposited may be, for example, 
35 pentaethoxytantalum (Ta(0C2Hs)s) for forming a ditantalum pentoxide (Ta.Os) film, tetraethyllead (Pb- 
ic-Hsk) or lead dipivalylmethanate (Pb(DPMh) for forming a lead monoxide (PbO) film, titanium tetrachlo- 
ide (TiCU) pentaethoxytitanium (TKOC^Hc )s ), tetraisoproxytitanium (TKO-i-CaH;).) or combination thereof 
for forming a titanium dioxide (TiO:) film, tetra-tert-butoxyzirconium (2r(0-t-C.Ha).) for forming a zirconium 
oxide (ZrOs) film, diethoxvbarium (Ba(OC2H5h) for forming a barium oxide (EaO) film, diethoxy strontium 
40 (Sr(0C2Hc):) for forming a strontium oxide (SrO) film, lanthanum dipivalylmethanate (La(DPM)2) for forming 
a lanthanum oxide (LajOs) film, and others. 

The combination of the organic compound containing the element of the ferroelectric oxide composite 
film may be for example, combination of diethoxy strontium and at least one kind of compound selected 
from a aroup including titanium tetrachloride, pentaethoxytitanium and tetraisoproxytitanium for forming a 
45 strontium titanate (SrTi03) film, combination of d.ethoxybanum and at least one kind of compound selected 
from a group including titanium tetrachloride, pentaethoxytitanium and tetraisoproxytitanium for forming a 
barium metatitanate (BaTiOj) film, or combination of at least one compound selected from a group 
including titanium tetrachlonde, pentaethoxytitanium and tetraisoproxytitanium, one or both of tetraethyllead 
and lead dipivalylmethanate , tetra-te.n-butoxyzirconium for forming a zirconium oxide titanium oxide lead 
50 (Pb(Zr,Ti)„05) film, and others, h „ , 

If the organic compound containing the element of the ferroelectric film to be deposited is liquid at a 
room temperature, this may be bubbled with a earner gas such as a hydrogen (Hj) gas, nitrogen gas 
or inert gas such as a helium (He) gas, neon (Ne) gas, argon (Ar) gas or krypton (Kr) gas to obtain the gas 
of the organic compound. This compound may be the tetraethyllead, titanium tetrachlonde, pentaethox- 
55 ytitanium or tetraisoproxytitanium. , , w 1 

It the organic compound is solid at a room temperature, it is solved into organic solvent, e.g., of alcohol 
such a- °thanol anc then bubbling is effected on the same with the earner gas already descnbed to obtain 
the gas of the organic compound. This compound may be lead dipivalylmethanate (Pb(DPM):), diethox- 
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ybanum, diethoxystrontium or lanthanum dipivalylmethanate (La(DPM)2). 

The different kind of gas contaminq oxvgen element may be. tor examnie O; npc n^nno (Q. ^ r,^r- 
nitrogen monoAide (NO) gas, nitrous oxide (N^.O) gas or the like regardless of the kind of the film to'' be 
formec. 

The foregoing and other objects, features, aspects and advantages of the present invention will become 
more apparent from the following detailed description of the present invention when taken in conjunction 
with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 schematically shows an example of a structure of a plasma-CVD apparatus executing a method of 
the invention; 

Fig. 2A schematically shows an example of a waveform of a basic rl-power to be applied for forming 
plasma from a deposition material gas before being modulated; 

Fig. 2B schematically shows an example of a waveform of a modulation waveform of a modulated rf- 
power to be applied for forming plasma from a deposition material gas; 

Fig. 3 is a graph showing a relationship between a deposition rate and a quantity of generated dust 
particles as a function of a modulation frequency of an applied modulated rf-power in a process of 
depositing an amorphous hydrogenated silicon by the apparatus shown in Fig. 1; 

Fig. 4 schematically shows another example of a structure of a plasma-CVD apparatus executing the 
method of the invention; 

Fig. 5 schematically shows still another example of a structure of a plasma-CVD apparatus executing the 
method of the invention; 

Fig. 6A schematically exemplifies waveforms of a basic rf-power, a modulated rf-power formed by 
effecting a first amplitude modulation on the basic rf-power and a modulated rf-power formed by 
effecting a second amplitude modulation on the modulated rf-power; 

Fig. 6B shows another example of the waveform of the modulated rf-power formed by effecting the 
second amplitude modulation on the first modulated rf-power shown at the middle of Fig. 6A; 
Fig. 7 is a graph showing results of an experiment for determining a power density of the rf-power and a 
deposition rate; 

Fig. 8 is a graph showing results of an experiment for determining a power density of the rf-power and a 
laser scattering intensity in the plasma; 

Fig. 9 schematically shows yet another example of a structure of a plasma-CVD apparatus executing the 
method of the invention; 

Fig. 10 schematically shows further another example of a structure of a plasma-CVD apparatus executing 
the method of the invention; 

Fig. 11 schematically shows a further example of a structure of a plasma-CVD apparatus executing the 
method of the invention; 

Fig. 12 schematically shows a further example of a structure of a plasma-CVD apparatus executing the 
method of the invention; 

Fig. 13 schematically shows a further example of a structure of a plasma-CVD apparatus executing the 
method of the invention; 

Fig. 14 shows non Maxwellian fast electrons in the plasma; 

Fig. 15 schematically shows an example of a structure of a plasma-CVD apparatus in the prior art; 
Fig. 16 schematically shows another example of a structure of a plasma-CVD apparatus in the prior art; 
Fig. 17 schematically shows still another example of a structure of a plasma-CVD apparatus in the prior 
art; 

Fig. 18 schematically shows yet another example of a structure of a plasma-CVD apparatus in the prior 
art; 

Fig. 19 schematically shows an example of a thermal-CVD apparatus in the pnor art; and 
Fig. 20 schematically shows an example of a structure of a piasma-CVD apparatus which is an 
improvement of the thermal-CVD apparatus and was developed by the inventors during development of 
the invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 schem,atically shows an example of a parallel plated rf-plasma-CVD apparatus used for executing 
a methoc of the invention. 
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This apparatus differs from the conventional apparatus shown in Fig. 15 in that an rt-power source 50 is 
proviaed in place of the rf-power source 320, and is connected to an rf-electrode 30 via a matching box 
503. The rf-power source 50 is formed of an rf-power amplifier (i.e., wide range signal amplifier) 501 and a 
waveform composing unit (i.e., rf arbitrary waveform generator) 502. The arbitrary waveform generator 502 
controls the timings of applying and cutting the rf-power. The arbitrary waveform generator 502 also 
controls and sets on-period and off-period of the rf-power. The rf-power amplifier 501 controls the 
magnitude of the applied power. 

Other structures are the same as those of the conventional apparatus shown in Fig. 15. Parts and 
portions similar to those in the conventional apparatus bear the same reference numbers as those in Fig. 
15. 

Although a gas supply unit 40 is directly connected to a process chamber 10 via a piping, it may be 
connected to an rf-electrode also serving as a gas nozzle, so that a deposition material gas may be 
supplied in a shower-like fashion into a process chamber 10 fromi many apertures provided at the nozzle. 

According to this parallel plated plasma-CVD apparatus, a substrate Si on which a film is to be 
deposited is transferred into the process chamber 10 by an unillustrated substrate transferring device, and 
is mounted on a ground electrode 20. A valve 510 is operated and an exhaust pump 520 is driven to set the 
chamber 10 to a predetermined degree of vacuum, and the gas supply unit 40 introduces a deposition 
material gas into the chamber 10. A waveform formed by the arbitrary waveform generator 502 is amplified 
by the amplifier 501 and is applied to the rf-electrode 30, so that plasma is formed from the introduced gas. 
An intended film is deposited on a surface of the substrate SI in this plasma. 

In this embodiment, the rf-power applied from the power source 50 to the electrode 30 is prepared or 
produced by effecting a pulse modulation on a predetermined basic rf-power of a frequency in a range from 
10MHz to 2D0MHz. A modulation frequency of this pulse modulation is in a range from 1/1000 to 1/10 of the 
frequency of the basic rf-power. 

The power is applied in accordance with a pattern shown in Fig. 2B, which is obtained by effecting the 
pulse modulation with a duty cycle of 50% on the basic rf-power in Fig. 2A similar to the conventionally 
applied rf-power which is continuous and has a constant frequency and a constant amplitude. 

Thereby, generation of radicals, which cause generation of dust particles, is suppressed, and generation 
of radicals contributing to deposition is not suppressed. Thus, the amount of the radicals contributing to 
deposition relatively increases. Therefore, the generation of dust particles is suppressed as compared with 
the case not performing the pulse modulation, so that the film quality is improved and the deposition rate is 
prevented from excessive reduction or is improved. Also, the thickness uniformity of the film is improved. 

Description will now be given on examples of forming an amorphous hydrogenated silicon film (a-Si:H) 
and an amorphous hydrogenated silicon nitride film (a-SiN:H). Also, examples for comparison will be 
described below. 

Example 1-1(a-Si:H film formation) 

Deposition Conditions 

Substrate Si 
Electrodes 20, 30 
Deposition Temperature 
Deposition Gas Pressure 
Basic rf-Power 

Modulation Method 
Modulation Frequency 

Deposition Gas 

Thickness 
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: glass substrate of 100mm x 100mm x 1mm (thickness) 
: 360mm x 360mm 
: 210-C 
; 0.35Torr 

: 13.56MH2(Sinusoidal Wave) 

Voltage Vp.p 146(V) 

: Pulse Modulation (Duty 50%) 

: lOOHz, IkHz, lOkHz, 20kHz, 48kHz, 68kH2, 100kHz, 200kHz, SOOkHz, 

1000kHz (respectively) 

: Monosilane (SiH4) 200sccm 

Hydrogen (Hz) 200sccm 

: 1000A 
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Example l-2(a-SiN:H film formation) 



Deposition Conditions 



Substrate 
Electrodes 20, 30 
Deposition Temperature 
Deposition Gas Pressure 
Basic rf-Power 

Modulation Method 
Modulation Frequency 

Deposition Gas 

Thickness 



glass substrate of lOOmm x lOOmm x 1mm (thickness) 
360mm x 360mm 
250-280- C 
0.8 Torr 

13.56MH2(Sinusoldal Wave) 
Voltage Vp.p 146(V) 
: Pulse Modulation (Duty 50%) 

: lOOHz, 1kHz, lOkHz, SOkHz, 48kHz, 68kHz, 100kHz, 200kHz, 300kHz, 

1000kHz (respectively) 

; Monosilane (SiH«) SOsccm 

ammonia (NH3) 400sccm 

: 3000A 



Example for Comparison 1-1 (a-Si:H film formation) 



20 The basic rf-power which is the base for modulation in the example 1-1 is continuously applied, and the 

conditions relating to the substrate, electrodes, deposition temperature, deposition gas pressure, voltage 
and material gas are the same as those of the example 1-1. Under these conditions, an a-Si:H film of 1000A 
in thickness is deposited. 



25 Example for Comparison 1-2 (a-SiN:H film formation) 



The basic rf-power which is the base for modulation in the example 1-2 is continuously applied, and the 
conditions relating to the substrate, electrodes, deposition temperature, deposition gas pressure, voltage 
and material gas are the same as those of the example 1-2. Under these conditions, an a-SiN:H film of 

30 3000A in thickness is deposited. 

Fig. 3 shows the quantity of generated dust particles and deposition rate in the deposition process of 
the example 1-1 and the example for comparison 1-1. The quantity of particles was measured by the well 
known laser scattering system with argon laser. In Fig. 3, "Detected Current: A (ampere)" at the ordinate 
represents the current value indicative of the quantity of generated particles obtained by the above 

35 measurement. As can be seen from Fig. 3, if the rf-power is employed as is done in the example 1-1, the 
particle generation is remarkably suppressed as compared with the case of employment of the continuous 
rf-power (CW-Mode: Vp-p 146 (V)). Also according to Fig. 3, the modulation frequency, which can prevent 
significant reduction of the deposition rate as compared with the case of employment of the continuous rf- 
power or can improve the deposition rate while suppressing the particle generation, is in a range from about 

40 1/270 to about 1/68 of the basic rf-power frequency (13.56M2) and thus in a range from about 50kHz to 
about 200kHz. The modulation frequency, which can improve the deposition rate while suppressing the 
particle generation, is in a range from about 1/270 to about 1/135 of the basic rf-power frequency 
(13.56Mz) and thus in a range from about 50kHz to about lOOkHz, and is more desirably about 68kHz. 
The similar results were obtained with respect to the example 1-2 and the example for comparison 1-2. 

45 The thickness uniformity was additionally determined, and the results were that the examples 1-1 and 

1-2 using the modulation frequency from 50 to 200kH2 had better uniformity that the examples for 
comparison 1-1 and 1-2. 

According to the above method and apparatus, since the dust generation is suppressed, the flow rate of 
deposition gas and the power aoplied for forming the plasma from the gas can be increased, so that the 
50 deposition rate can tie further improved. 

Since the dust generation is suppressed, adhesion of the aust ontc the substrate :s also suppressed, so 
that the film containing less defects and hence having good quality can be formec. Meanwnile, adhesion of 
the dust to various porrions in the process chamber 10 is suppressed, so that tne frequency of required 
maintenance of the apparatus can be reauced, so that the operating efficiency is improved, and hence the 
55 manufacturing cost of the film can be reduced. 

According to the above method and apparatus, the aforementioned effects can be achieved by the 
apparatus whicn can be obtained without significantly improving the conventional apparatus. 
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From various experiments, the inventors have found the foliowings. In the plasma-CVD method and 
apparatus which deposit the film with the plasma obtained from the deposition gas by applying thereto the 
rf-power prepared by modulation of the basic rf-power of a frequency from 10MH2 to 2OOMH2, the 
deposition rate can be prevented from significantly decreasing or can be improved while suppressing the 
5 particle generation as compared with the case employing a continuous rf-power. The modulation frequency 
of the modulation for this purpose is desirably in a range from about 1/270 to about 1/68 of the basic rf- 
power frequency, and more preferably, from about 1/270 to about 1^35 (e.g., about 1/200). 

The film forming process by a plasma-CVD apparatus according to the invention shown in Fig. 4 will be 
described below. 

70 The apparatus shown in Fig. 4 is a parallel plated plasma-CVD apparatus, and has a structure similar to 

that shown in Fig. 16 except for that an rf-power generating device 330 is employed in place of the rf-power 
source 320 and is connected to the rf-power electrode 30 via a matching box 330A. Portions and parts 
similar to those in Fig. 16 bear the same reference numbers. 

The power generating device 330 includes an rf-wave generator 350 connected to the matching box 

75 330A via an rf-power amplifier 340. 

According to this apparatus, the rf-power generating device 330 effects an amplitude modulation on a 
continuous rt-power (i.e., basic rf-power) of a sinusoidal waveform of a frequency from 10MHz to 200MHz 
as shown at an upper portion in Fig. 6A. A modulation frequency of the amplitude modulation is in a range 
from 1/1000 to 1/10 of the basic rf-power frequency as shown at a middle portion of Fig. 6A. Thereby, the 

20 device 330 generates the rf-power of which power-on period T1 and power-off period T2 are repeated In 
accordance with a predetermined duty cycle. The peak-to-peak power in the power-on period is constant, 
and is set to a magnitude larger than a magnitude which causes practically nonnegligible generation of the 
particles if only tne continuous rf-power of a sinusoidal waveform is applied to form the plasma from the 
material gas, and is set to correspond to an rf-power density not lower than 0.4W/cm2 which is an quotient 

25 obtained by division with an area of the rf-electrode 30 (lOOOcm^ or more in this embodiment). 

According to this plasma-CVD apparatus, a substrate S2 is mounted on the electrode 20 in the process 
chamber 10, and is heated to a predetermined temperature by a heater 210. Meanwhile, the valve 510 is 
operated and the exhaust pump 520 is driven to set the chamber 10 to a predetermined degree of vacuum, 
and the gas supply unit 40 introduces a predetermined amount of deposition gas. The rf-power generating 

30 device 330 applies the rf-power, on which the amplitude modulation is effected as described above, to the 
rf-electrode 30. Thereby, the plasma is formed from the introduced gas, and an intended film is deposited 
on the surface of substrate S2 in the plasma. 

According to the above plasma-CVD method and apparatus, the power applied for forming the plasma 
from the deposition material gas is set to exceed a value which causes generation of the particles in the 

35 conventional deposition process. Therefore, decomposition of the material gas is promoted, and thus the 
deposition rate is improved. Also, the plasma is formed from the deposition material gas by applying the rf- 
power on which the amplitude modulation is effected as described above, so that generation of the particles 
is suppressed. 

Description will now be given on the deposition by a plasma-CVD apparatus shown in Fig. 5. 

40 This apparatus has the same structure as that of the apparatus shown in Fig. 4 except for that an rf- 

power generating device 360 is employed in place of the rf-power generating device 330 shown in Hg. 4. 

The rf-power generating device 360 includes an rf-wave generating device 370 connected to a matching 
box 330A via an rf-power amplifier 340. The device 360 effects a first amplitude modulation on a continuous 
rf-power (i.e., basic rf-power) having a sinusoidal waveform of a frequency 13.55MHz as shown at the upper 

45 portion of Fig. 6A. A modulation frequency of the first amplitude modulation is in a range from 1/1000 to 
1/10 of the basic rf-power frequency. The device 360 further effects on the power thus modulated a second 
amplitude modulation at a modulation frequency from 1/100 to 100 times the frequency of the first 
amplitude modulation, so that it generates the rf-power, of which power-on period T3 and power-off period 
T4 are sequentially repeated with a predetermined duty ratio during each power-on period T1 set by the 

50 first modulation as shown at the lower portion of Fig. 6A, or it generates the rf-power on which the second 
amplitude modulation is effected with a predetermined duty ratio as shown in Fig. 6B. 

In this case, the peak-to-peak power during the power-on period is constant, and is set to a magnitude 
larger than a magnitude which causes practically nonnegligible generation of the dust particles if only the 
continuous rf-power of a sinusoidal waveform of 13.56MH2 is applied to form the plasma from the material 

55 gas, and is set to correspond to an rf-power density not lower than 0.4W/cm^ which is an quotient obtained 
by division with an area of the rf-electrode 30 (lOOOcm^ or more in this embodiment). 

Also in this case, the plasma is formed from the material gas by applying the rf-power on which the first 
and second amplitude modulations are effected as described above, so that generation of the dust particles 
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is remarkably suporessed and the aeposilion rale is lurther improved. 

Doccr:p!;cr; will "c.v b2 ^r.'cr. en c-;c;rr.p!c3 of ^ZTrr/tr,^ CiT-crphOw^ GilicCn (i^nl Pc also ibiViicu lu 
"a-Si") film and a silicon nitride (will be also referred to as "SIN,") film. Also, examples tor comparison will 
De described below. 

Example 2-1 



(a-Si film formation by the apparatus in Fig, 4) 
Deposition Conditions 



Substrate S2 
Electrode Area 
rf-Power 

Deposition Gas 

Deposition Temperature 

Example 2-2 



; glass substrate of lOOmm^, and silicon wafer of 4 sq. in. 
: 350mm x 400mm 

: 13.56MH2, rf-power density 0.45W/cm2 
AM freq. 68kH2, duty ratio 50% 
: silane gas (SiH*) 200sccm 
hydrogen gas (Hj) 200sccm 
: 230-C 



(SiNx film formation by the apparatus in Fig. 4) 
Deposition Conditions 



Substrate S2 
Electrode Area 
rf-Power 



Deposition Gas 

Deposition Temperature 
Example 2-3 

(a-Si film formation by the apparatus in Fig. 5) 
Deposition Conditions 



: glass substrate of lOOmm^, and silicon wafer of 4 sq. in. 
: 350mm x 400mm 
: 13.56MH2, rf-power density 1W/cm' 
AM freq. 681<H2, duty ratio 50% 
; silane gas (Si Hi) BOsccm 
ammonia gas (NH3) 200sccm 
; 250 • C 



Substrate S2 
Electrode Area 
rf-Power 



Deposition Gas 
Deposition Temperature 
Exam Die 2-4 



glass substrate of lOOmm^, and silicon wafer of 4 sq. in. 
350mm x 400mm 

13.56MH2, rf-power density 0.45W/cm' 
1st AM freq. 68kHz duty ratio 50% 
2nd AM freq. ikHz, duty ratio 25% 
: silane gas (SiHt) 200sccm 
hydrogen gas (H2) 200sccm 
: 230-C 



(SiNx film formation by the apparatus in Fig. 5) 
Deocsition Conditions 



Substrate S2 
Electrode Area 
rf-Power 



glass substrate of lOOmm^, and silicon wafer of 4 sq. in. 
350mrn x 400mm 

13.5oMHz. rl-power density IW/'cm- 
1st AM freq. 58kHz duty ratio 50% 
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Deposition Gas 
Deposition Temperature 

5 

Example for ConnDarison 2-1 

An a-Si fiinn is deposited by the conventional apparatus shown in Fig. 16 under ttie sanne conditions as 
the example 2-1 except for that the amplitude modulation is not effected. 

JO 

Example for Comparison 2-2 

An SiNx film is deposited by the conventional apparatus shown in Fig. 16 under the same conditions as 
the example 2-2 except for that the amplitude modulation is not effected. 
IS The results of deposition are as follows. The particle concentration is represented by converting a laser 
scattering intensity in the plasma obtained by the laser scattering method into the concentration of particles 
of 0.1 um or more in diameter. 





Deposition Rate (A/min) 


Particle Density (pts/cm^) 


Example 2-1 (a-Si) 


1000 


About 1x10^ 


Example 2-2 (SiNx) 


1400 


About 1x10* 


Example 2-3 (a-Si) 


1300 


About 1x10' 


Example 2-4 (SiNx) 


1600 


About 1x10' 


EC 2-1 (a-Si) 


300 


About 1x10'° 


EC- 2-2 (SiNx) 


500 


About 1x10"'' 



EC* .- Example for Comparison 



30 For the examples 2-1 and 2-3 as well as the example for comparison 2-1, the inventors determined a 

relationship between the power density and the deposition rate as well as the laser scattering intensity by 
the laser scattering system in the plasma corresponding to various values of the rf-power density. The 
results are shown in Figs. 7 and 8. In Figs. 7 and 8, line a corresponds to the example 2-1, line b 
corresponds to the example 2-3, and line c corresponds to the example for comparison 2-1. 

35 From the results shown therein, it can be seen that if the plasma is formed from the material gas by 

applying the rf-power which is prepared by effecting the first amplitude modulation on the basic rf-power of 
a predetermined frequency, the particle generation is significantly suppressed and the deposition rate is 
improved as compared with the prior art, and that if the second amplitude modulation is additionally 
effected, the particle generation is further suppressed and the deposition rate is further improved. 

40 It can be seen from Fig. 7 that the deposition rate increases in accordance with increase of the rf-power 
density of the applied rf-power, and it can be seen from Fig. 8 that, although the power density of 0.4W/cm^ 
or more generate a relatively large amount of particles in the prior art, the embodiment of the invention can 
significantly suppress the same even if the power density is 0.4W/cm^ or more. Further, it can be seen from 
Fig. 8 that, if only the first amplitude modulation is effected, the rf-power density must be about 0.5W/cm^ 

45 or less from the viewpoint of the particle generation, and is preferably about 0.45W/cm^ or less. If the 
second amplitude modulation is effected, the rf-power density may be higher than the above value. 
Now, deposition by a plasma-CVD apparatus shown in Fig. 9 will be described below. 
The apparatus shown in Fig. 9 is a parallel plated rt-plasma-CVD apparatus, and has the same structure 
as that shown in Fig. 17 except for that an rf-power generating device 331 is employed in place of the rf- 

50 power source 320 in the conventional apparatus shown in Fig. 17 and is connected to the rf-electrode 30 via 
a matching box 330B. The same parts and portions as those in Fig. 17 bear the same reference numbers. 

The rf-power generating device 331 includes an rt-wave generating device 351 connected to a matching 
box 330B via an rf-power amplifier 341. 

The rf-power generating device 331 effects an amplitude modulation on a continuous rf-power (i.e., 

55 basic rf-power) having a sinusoidal waveform of a frequency from IOMH2 to 2G0MH2 as shown at an upper 
portion of Rg. 6A. A modulation frequency of the amplitude modulation is in a range from 1/1 000 to 1/10 of 
the basic rf-power frequency. Thereby, the device 331 generates the rf-power which is repetitively turned 
on and off at a predetermined duty cycle. The peak-to-peak power during the on-period is constant. 



2nd AM freq. 1kHz, duty ratio 25% 
: silane gas (SiH^) GOsccm 
ammonia gas (NH3) 200sccm 
: 250 -C 
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Acco.^dmg to this plasma-CVD apparatus, a substrate S3 is mounted on the ground electrode 20 in the 

TtrOC.P.S^ chamber 10 and is hBat^d ■'O ^ nrpriPTPrminprl Tomnorati irc h>( +hr> H/-,-,t^r OiH >A .i-i- - 

._ . ,^^iy^. ivitunTViniC. .lie: 

valve 510 IS operated and the exhaust pump 520 is driven to set the chamber 10 to a predetermined 
degree of vacuum, and tlie gas supply unit 400 inlroduces a predetermined amount of deposition gas. 
Liquid lialogen compound is stored in a bubbler 44, and a carrier gas is introduced from a gas source 453 
into the halogen compound in the bubbler 44, so that the compound is bubbled and introduced into the 
chamber 10. If necessary, gas sources 463, 473, ••• introduce additional deposition matenal gases of 
different kinds into the chamber 10. If the liquid halogen compound can be bubbled with the additional 
material gas(es), this gas(es) can be used as the carrier gas. Altnough the halogen compound gas and the 
additional matenal gas are introduced into the chamber 10 through a common piping, they may be 
introduced into the chamber 10 through different pipings. The rf-power generating device 331 applies the rf- 
power thus amplitude-modulated to the ri-electrode 30, so that the plasma is formed from the introduced 
gas(es), and the intended film is deposited on the surface of the substrate S3 in the plasma. 

According to these plasma-CVD method and apparatus, although the halogen compound gas is used as 
the deposition material gas, the plasma is formed from the gas by applying the amplitude-modulated rf- 
power. Therefore, it is possible to reduce the number of halogen atoms remaining in the deposited film, so 
that it Is not necessary to maintain the substrate at a high temperature dunng deposition, which improves 
the film quality. 

Since the plasma is formed from the material gas by applying the amplitude-modulated rf-power, it is 
possible to suppress generation of the radicals causing the dust particles without suppressing generation of 
the radicals required for deposition. Therefore, the deposition operation at a relatively low temperature 
significantly suppresses the particle generation. Also the deposition rate is prevented from excessive 
reduction or is improved. 

Since it is not necessary to use, as the deposition material, a dangerous gas such as SihU gas. the 
deposition can be performed in a safe manner. 

Description will now be given on the deposition by a plasma-CVD apparatus shown in Rg. 10. 
This apparatus has the same structure as that apparatus shown in Fig. 9 except for that an rf-power 
generating device 361 is employed in place of the rf-power generating device 331 shown in Fig. 9. 

The rf-power generating device 361 includes an rf-wave generating device 371 connected to the 
matching box 330B via an rf-power amplifier 341. 

The device 361 effects a first amplitude modulation on a continuous rf-power (i.e., basic rf-power) 
having a sinusoidal waveform of a frequency from lOMHz to 2OOMH2 as shown at the upper portion of Fig. 
6A. This first amplitude modulation is effected at a frequency in a range from 1/1000 to 1/10 of the basic rf- 
power frequency and a predetermined duty cycle. The device 361 further effects, as shown at the lower 
portion in Fig. 6A or in Fig. 6B, on the modulated power a second amplitude modulation at a second 
modulation frequency from 1/100 to 100 times the frequency of the first modulation and a predetermined 
duty cycle. In this manner, the device 361 generates the modulated rf-power. 

According to this plasma-CVD apparatus, since the plasma is formed from the deposition matenal gas 
by applying the rf-power on which the first and second amplitude modulations are effected as descnbed 
above, generation of the dust particles is further suppressed and the deposition rate is further improved. 

Descnption will now be given on examples of forming a polycrystalline silicon film (p-Si) and a titanium 
nitride (will be also referred to as "TiN") film. Also, examples for comparison will be described below. 

Example 3-1 

(p-Si film formation by the apparatus in Fig. 9) 

Deposition Conditions 



Substrate 
rf-Eiectrode Size 
Deposition Presssure 



silicon wafer of 4 sq. in. 
200mm in diameter 
1 Torr 

rf-Power ■ 13.56MHz, rt-power 100W 

AM freq. SSkHz, duty ratio 50% 
Deposition Gas SiCU , bubbling temp. 50 • C 

Carrier Gas . H; 200sccm 

Substrate Temperature : 450 * C 
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Examole 3-2 



(TiN film formation by the apparatus In Fig. 9) 



Deposition Conditions 

Substrate 
rf-Electrode Size 
Deposition Presssure 
rf-Power 

Deposition Gas 

Carrier Gas 

Substrate Temperature 



silicon wafer of 4 sq. in. 
200mm in diameter 
0.6 Torr 

13.56MHz, rf-power 200W 
AM freq. 68kHz, duty ratio 50% 
TiCU. bubbling temp. 50 "C 
NHa 200sccm 
N2 60sccm 
300 -C 
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Example 3-3 



(p-Si film formation by the apparatus in Fig. 10) 



DeDosition Conditions 



Substrate 
rf-Electrode Size 
25 Deposition Presssure 
rf-Power 



Deposition Gas 
30 Carrier Gas 

Substrate Temperature 



silicon wafer of 4 sq. in. 
200mm in diameter 
1 Torr 

13.56MHz, rf-power 100W 
1st AM freq. 68kHz, duty ratio 50% 
2nd AM freq. 1kHz, duty ratio 50% 

SiCU , bubbling temp. 40 • C 

H2 200sccm 

450 -C 



Example 3-4 



35 (TiN film formation by the apparatus in Fig. 10) 

Deposition Conditions 



Substrate 
40 rf-Electrode Size 

Deposition Presssure 
rf-Power 



4S Deposition Gas 
Carrier Gas 

Substrate Temperature 



silicon wafer of 4 sq. in. 
200mm in diameter 
0.6 Torr 

13.56MHz, rf-power 200W 
1st AM freq. 68kHz, duty ratio 50% 
2nd AM freq. 1kHz, duty ratio 50% 

TiCU, bubbling temp. 25 'C 

NH3 200sccm 

N2 60sccm 

300 -C 



50 Examoie for Comoanson 3-1 



55 



The conventional apparatus shown in Fig. 17 is used, and a p-Si film is deposited under the same 
deposition conditions as those of the example 3-1 except for that the amplitude modulation is not effected 
and the substrate temperature is 550 "C. 
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Example for Comparison 3-2 



The conventional apparatus shown in Fig. 17 is used, and a TiN film is deposited under the same 
deoosilion conditions as those of the example 3-2 except lor that the amplitude modulation is not effected 
5 and the substrate lempeiature is 500 • C. 

The films deposited In accordance with the examples 3-1, 3-2. 3-3 and 3-4 as well as the examples for 
comparison 3-1 and 3-2 were evaluated with respect to the deposition rale, the amount of residual chlonne 
in the film and the concentration of particles of Clam or more in diameter. The amount of residual chionne 
was measured by Auger electron microscope method, and the particle concentration was represented by 
70 converting a laser scattering intensity in the plasma obtained by the laser scattering method (Mie scattering 
method) into the concentration of particles of O.lum or more. Also, with respect to the examples 3-2 and 3- 
4 as well as the example for comparison 3-2, color of the deposited films were evaluated. 
The results are as follows. 



Film 




Deposition Rate (A/min) 


Residual Chroline (atoms%) 


Panicle Cone, (pts/cm^) 


Color 


p-Si 


Ex 3-1 


200 


0.2 


1x10^ 




p-Si 


Ex 3-3 


240 


0.15 


<ixiO' 




p-Si 


EC 3-1 


100 


1 


ixiO« 




TiN 


Ex 3-2 


500 


0.1 


1x10' 


gold 


TiN 


Ex 3-4 


570 


0.07 


<lxiO' 


gold 


TiN 


EC 3-2 


350 


1 


1x1 0« 


brown 


Ex: Example, EC: Example for Comparison 





From the aforementioned results of experiment, it can be seen that application of the modulated rf- 
power for forming the plasma from the material gas reduces the amount of residual chlonne (CI) in the film 
as compared with the case not employing the modulated power. In connection with the TiN film, the film 
deposited with the amplitude-modulated power is gold in contrast to the brown film formed without utilizing 
30 the modulated power. The reason for this is probably that the denseness of TiN increases ana hence 
orientation occurs. 

It can also be seen that if the plasma is formed from the material gas by applying the rf-power on which 
the first amplitude modulation is effected, the particle generation is suppressed and the deposition rate is 
improved as compared with the case not employing the modulated power, and that if the second amplituae 
35 modulation is additionally effected, the particle generation is further suppressed and the deposition rate is 
further improved. 

Description will now be given on the deposition of a carbon film by a plasma-CVD apparatus shown in 
Fig. 4 according to the invention. The rf-electrode 30, however, is a circular disk electrode in this case. 
For deposition of the carbon film on the substrate, the plasma-CVD apparatus shown in Fig. 4 is 
*o adapted such that the material gas supply unit 40 supplies a gas including only a hydrocarbon compound 
gas for forming the intended carbon film or a mixture of a hydrocarbon compound gas and a different kind 
of gas (e.g., hydrogen gas) for forming the intended film together with the hydrocarbon compound gas. 

The substrate is mounted on the electrode 20 in the process chamber 10, and is heated to a 
predetermined temperature by the heater 210. Meanwhile, the valve 510 is operated and the exhaust pump 
15 520 is dnven to set the chamber 10 to a predetermined degree of vacuum, and the gas supply unit 40 
introduces a predetermined amount of deposition gas. The rf-power generating device 330 applies the 
amplitude-modulated rf-power to the rf-electrode 30, so that the plasma is formed from the introduced gas, 
and the intended carbon fil.m is deposited on the surface of the substrate in the plasma. 

Also in this deposition process, the rt-power applied from the rf-power generating device 330 to the 
50 electrode 30 is prepared by effecting an amplitude modulation on a basic rf-power of a frequency from 
lOMHz to 2D0MHZ. The amplitude modulation is performed at a modulation frequency from TIOOO to 1/1 0 
of the basic rt-power frequency and s predetermined auty ratio. The power is applied in accordance with 
such a pattern that turn-on and turn-off are repeated as shown in Fig. 2B and the micdie portion of Fig. 6A. 
The peak-to-peak power during the power-on period is constant. 
55 Thereby, it is possible to suppress generation of the radicals, which cause generation of the dust 
particles, while generation of the radicals contributing to the deposition is not suppressed and the latter 
relatively increases in numbe^ Therefore, the dust oaticles Decrease in number, so that the film quality is 
improved, and the deposition rate is prevented from excessive reduction or is improved. A diamonc-iike 
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carbon film (DLC film) of good quality can be formed at a relatively low temperature. 

Description will now be given on the deposition of a carbon film by a plasma-CVD apparatus shown in 
Fig. 5 according to the invention. The rf-electrode 30, however, is a circular disk electrode in this case. 

For deposition of the carbon film on the substrate, the plasma-CVD apparatus shown in Fig. 5 is 

5 adapted such that the material gas supply unit 40 supplies a gas including only a hydrocarbon compound 
gas for forming the intended carbon film or a mixture of a hydrocarbon compound gas and a different kind 
of gas (e.g., hydrogen gas) for forming the intended film together with the hydrocarbon compound gas. 

The substrate is mounted on the electrode 20 in the process chamber 10, and is heated to a 
predetermined temperature by the heater 210. Meanwhile, the valve 510 is operated and the exhaust pump 

70 520 is driven to set the chamber 10 to a predetermined degree of vacuum, and the gas supply unit 40 
introduces a predetermined amount of deposition gas. The rf-power generating device 360 applies the rf- 
power, on which first and second amplitude modulations are effected, to the rf-electrode 30, so that the 
plasma is formed from the introduced gas, and a diamond-like carbon film (DLC film) of good quality is 
deposited on the surface of the substrate in the plasma. 

75 Also in this deposition process, the rf-power applied from the rf-power generating device 360 to the 

electrode 30 is prepared by effecting an amplitude modulation (first amplitude modulation) on a basic rf- 
power of a frequency from 10MHz to 20OMH2, and effecting the second amplitude modulation thereon. The 
first amplitude modulation is performed at a frequency in a range from 1/1000 to 1/10 of the basic rf-power 
frequency and a predetermined duty ratio, as shown in Fig. 2B and at the middle portion in Fig. 6A. The 

20 second amplitude modulation is performed at a modulation frequency from 1/100 to 100 times the first 
amplitude modulation frequency as shown at the lower portion in Fig. 6A or as shown in Fig, 6B. 

As described above, the plasma is formed from the material gas by applying the rf-power on which the 
first and second amplitude modulations are effected in a superposed manner. As a result, generation of the 
dust particles is further suppressed, and the deposition rate and the film quality of DLC film are further 

25 improved. 

Description will now be given on examples of forming a DLC film. Also, an example for comparison will 
be described below. 

Example 4-1 

30 

(DLC film formation by the apparatus in Fig. 4) 



Deposition Conditions 

35 Substrate : polyimide resin of lOOmm^ 

rf-Power : 13.56MHz, lOOW 

AM freq. 68kH2, duty ratio 50% 

rf-Electrode Size : 200mm in diameter 

Deposition Gas : methane (CHt) lOsccm 

4Q hydrogen (H2) 200sccm 

Substrate Temperature ; 100 "C 

Deposition Presssure : 0.1 Torr 

Example 4-2 

45 

(DLC film formation by the apparatus in Fig. 5) 



Deposition Conditions 

so SuDstrate : polyimide resin of lOOmm^ 

rf-Power : 13.56MH2, 100W 

1st AM freq. 68kH2, duty ratio 50% 
2nd AM freq. 1kHz, duty ratio 50% 
Deposition Gas : methane (CH*) lOsccm 

55 hydrogen (H2) 200sccm 

Substrate Temperature : 1-00 " C 
Deposition Presssure : 0.1 Torr 
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Example tor Comparison 4-i 

The conventional apparatus shown in Fig. 16 is used, and a film is deposited under the same deposition 
conditions as those of tt)e example 4-1 except tor that the amplitude modulation is not effected. 
5 The lesults are as follows. The concentration of generated particles is represented by convening a laser 

scattering intensity in the plasma obtained by the laser scattering method (Mie scattering method) into the 
concentration of particles of O.lum or more in diameter. 





Deposition Rate (A/min) 


Particle Cone, (pts/cm^) 


Ex 4-1 


2000 


about 3x10' 


Ex 4-2 


2400 


<1x10' 


EC 4-1 


1000 


about 1x10^ 


Ex: Example, EC: Example for Comparison 



From the aforemeniioned results of experiment, it can be seen that if the plasma is formed from the 
material gas by applying the rf-power which is prepared by effecting the first amplitude modulation on the 
basic rf-power, the particle generation is suppressed and the deposition rate is improved as compared with 
20 the prior art, and that if the second amplitude modulation is additionally effected, the particle generation is 
further suppr-ssed and the deposition rate is further improved. 

Description will now be given on the film deposition by a plasma-CVD apparatus shown in Fig. 11. 
This apparatus is similar to the conventional plasma-CVD apparatus shown in Fig. 18 but differs 
therefrom, in that an electrode 3A is connected to an rf-power generating device 34A via a matching box 
25 340A. The rf-power generating device 34A includes an rf-wave generating device 36A connected lo the 
matching box 340A via an rf-power amplifier 35A. 

The device 34A effects a first amplitude modulation on a continuous rf-power (i.e., basic rf-power) 
having a sinusoidal waveform of a frequency from lOrk/lHz to 200tylH2 as shown at the upper and middle 
portions of Fig. 6A so as to generate the r(-power in which on-state and off-state are repeated at a 
30 predetermined duty cycle. The peak-to-peak power is constant during the power-on period. 

Other structures are the same as those in the conventional apparatus shown in Fig. 18. The same pans 
and portions as those in Fig. 18 bear the same reference numbers. 

In this embodiment, a substrate S5 is mounted on the ground electrode 20. Alternatively, the substrate 
may be mounted on the rf-electrode 3A, in which case a self-potential effect of the rf-electrode 3A may be 
35 obtained. 

In the deposition process, the substrate S5 is transferred into a process chamber 1A, and is mounted 
on the electrode 2A heated by a heater 21A to a predetermined temperature. Meanwhile, a valve 41A is 
operated and an exhaust pump 42A is driven to set the chamber 1A to a predetermined degree of vacuum, 
and a gas supply portion 52A in a gas supply unit 5A introduces a pretreatment gas. The rf-power 
40 generating device 34A applies the modulated rf-power to the rf-electrode 3A for a predetermined time 
period, so that the plasma is formed from the pretreatment gas, and the substrate S5 is cleaned in this 
plasma. 

Then, a carrier gas is introduced from a gas source 51d1 into a bubbler 51a1 storing a liquid film 
material for buobling it, and a deposition gas thus generated is supplied into the process chamber 1A. In 

45 this operation, the bubbler 51 a1 is heated, if necessary, by a temperature controller 51 g1. Also, a piping 
between the bubbler 51 al and the chamber 1A is heated, if necessary, by a heater 51 h, to a similar 
temperature, and the electrode oA is heated, if necessary, by a heater 33A to a similar temperature. Along 
with the bubbling, the gas supply portion 52A may supply a gas. The deposition gas thus introduced form,s 
the plasma owing to application o1 the rf-power to the rf-electrode 3A, and the film is deposited on the 

50 cleaned surlace of the suDstrate S5 in the plasma. In this deposition operation, the same modulated rl- 
power as that during the cleaning is applied to the rf-electrode 3A. 

Since formation of the plasma from the pretreatment gas is effected by application of the modulated rt- 
power, the generation region of plasma is large, so that the whole substrate S5 is uniformly cleaned, 
resulting in improvement of the thickness uniformity of the film deposited on the cleaned substrate. Since 

55 decomposition of the gas at the gaseous phase is promoted during the cleaning, the concentration of 
radicals contributing to the cleaning in the plasma increases, so that the cleaning efficiency of the substraie 
and the reproducibility of cleaning are improved. 
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Since the plasma is formed from the deposition gas by applying the amplitude-modulated rf-power, 
generation of the dust particles is suppressed, and the film quality is improved. Also, the deposition rate is 
prevented from excessive reduction or is improved. 

Description will now be given on an example of forming a titanium nitride film on a silicon substrate. 
Also, examples for comparison will be described below. 



Example 5-1 
Pretreatment Conditions 



Substrate 
rf-Electrode Size 
rf-Power 



Pretreatment Gas 



Pressure 



: silicon wafer of 4 inch in diameter 

: 200mm in diameter 

: equal to CW of 300W 

: basic rf-power 13.56MH2, 100W 

AM freq. IkHz, duty ratio 50% 

: (1) Hz 200sccm, 5 minutes 

(2) H2 200ECcm and 

NH3 200sccm, 5 minutes 

: 0.6 Torr 



Deposition Conditions 
rf-Power 

Deposition Gas 

Film Thickness 
Deposition Presssure 
Substrate Temperature 



: 200W 

basic frequency 13.56MH2 
Afvl freq. BSkHz, duty ratio 50% 
: TiCU, bubbling temperature 25 ' C 
H2 (carrier gas) 200sccm 

3000A 

0.6 Torr 

500 -C 



Example for Comparison 5-1 

A titanium nitride film of 3000A in thickness was deposited on the substrate S5 under the same 
conditions as those in the example 5-1 except for that the power applied for forming the plasma from the 
deposition material gas was a continuous rf-power of a frequency of 13.56MHz. 



Example for Comparison 5-2 

A titanium nithde film of 3000A in thickness was deposited on the substrate 85 under the same 
conditions as those in the example 5-1 except for that the powers applied for forming the plasma from the 
pretreatment gas and forming the plasma from the material gas were continuous rf-powers of a frequency of 
13.56MHz. 

In the examples for comparison 5-1 and 5-2, the wettability was evaluated by measuring a contact angle 
of pure water with respect to the substrate after the pretreatment and before the deposition. Based on this, 
the cleaning efficiency of the substrate was evaluated. With respect to the example 5-1 as well as the 
examples for comparison 5-1 and 5-2, the film thickness of the titanium nitride film deposited on the 
substrate S5 was evaluated. This evaluation was performed in such a manner that the substrate 85 before 
deposition is partially covered with a shield, and a magnitude of a step, which was formed between the 
deposited film and the surface not covered with the deposited film was measured at three points. 

The results are as follows. 





Ex 5-1 


EC 5-1 


EC 5-2 


Contact Angle (deg.) 




45 


80 


Thickness Uniformity (:%) 


5 


7 


15 
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From these results, the following can De seen. If the rf-power applied to the preireatment gas for 

formEnn Thp nlR9ma i*^ rnp moHi ilatorl rf.n<-i(»,Qr thn ..,r^*^-^K,l;♦w — j 

• ■ " " " " — ' I ' " •■<-""-/'■"/ V. (./on^ ■.uci^i ucoicaici, alio in uiiier woros, 

the cleaning efficiency of the substrate is improved. Further, the thickness uniformity of the film deposited 
on the substrate S5 after the cleaning is improved. 
5 Further, owing to the application of the modulated rl-powers to both the pretreatment gas and the 
deposition material gas for forming the plasma, the thickness uniformity of the film deposited on the 
cleaned substrate S5 is further improved. 

Description will now be given on the deposition by a plasma-CVD apparatus according to the invention 
shown in Fig. 12. 

70 The apparatus shown in Fig. 12 is a parallel plated rf-plasma-CVD apparatus, and is similar to the 
plasma-CVD apparatus shown in Fig. 20 except for that the rl-power generating device 531 is employed in 
place of the power source 52 in Fig. 20, and is connected to an rf-electrode 5 via a matching box 530A. 

The device 531 includes an rf-wave generating device 551 connected to a matching box 530A via an rf- 
power amplifier 541 . 

75 The device 531 effects an amplitude nnodulation on a continuous rf-power (i.e., basic rf-power) having a 
sinusoidal waveform of a frequency from lOMHz to 2OOMH2 shown at the upper portion of Fig. 6A. The a 
modulation frequency of the amplitude modulation is in a range from 1/1000 to 1/10 of the basic rf-power 
frequency as shown at the middle portion in Fig. 6A. Thereby, the device 531 generates the rf-power in 
which on-state and off-state are repeated at a predetermined duty cycle. The peak-to-peak power is 

20 constant during the power-on period. 

Other structures are the same as those in the conventional apparatus shown in Fig. 19 and the 
apparatus shown in Fig. 20. The same pans and portions as those in Figs. 19 and 20 bear the same 
reference numbers. 

In the operation of depositing a ferroelectric film, a substrate S6 is preheated in a load lock chamber 3 
25 heated by a lamp heater 31 , and is mounted on the electrode 7 heated by the heater 71. While maintaining 
the process chamber 1 at a vacuum state for deposition, the gas supply unit 2 introduces a predetermined 
amount of deposition gas into the process chamber 1 similarly to the apparatus in Fig. 20. The amplitude- 
modulated rf-power is applied to the gas for forming the plasma from this gas, and the ferroelectnc film is 
deposited on the surface of the substrate S6 in the plasma. 
30 In the deposition process, the deposition material gas includes an organic compound gas containing an 
element of the ferroelectric film to be formed and a gas containing oxygen and differing in kind from the 
organic compound gas. The ferroelectric film is deposited in plasma formed from the above deposition 
material gas by applying thereto the modulated rf-power. Therefore, a gas decomposition is promoted, and 
hence a concentration of radicals contributing to the deposition in the plasma increases, so that it is not 
35 necessary to maintain the substrate at a high temperature during deposition. Therefore, atoms having a high 
vapor pressure in the film are suppressed from being escaping therefrom, so that the required quantity of 
the film matehal can be reduced and the deposition cost can be reduced. Since the radical concentration 
increases, the thickness uniformity of the film is also improved. 

Further, owing to application of the amplitude-modulated rf-power for forming the plasma from the 
40 material gas, generation of radicals causing the dust particles is suppressed, while generation of the 
radicals required for deposition is not suppressed, so that the deposition rate is prevented from excessive 
reduction or is improved. 

Owing to application of the amplitude-modulated rf-power for forming the plasma from the material gas, 
the radical concentration in the plasma increases. Therefore, the connposition ratio of the film to be 
45 deposited can be controlled accurately as compared with the process by the thermal-CVD, so that the film 
having an intended composition ratio can be formed easily. 

Description will now be given on the deposition by a plasma-CVD apparatus according to the invention 
shown in Fig. 13. 

The apparatus shown in Fig. 13 is similar to the plasma-CVD apparatus shown in Fig. 12 except for that 
50 the rf-power generating device 561 is employed in place of the rt-power generating device 531. 

Other structures are the same as thiose of the apoaratus shown in Fig. 12. The same pans and portions 
as those of the apparatus in Fig, 12 bear the same reference numbers. 

The ri-power gene-atmg device 561 includes an rt-wave generating device 571 connected to the 
matching box 530A via an .l-power amplifier 541 . 
55 The device 561 effects an amplitude modulation (first amplitude modulation) on a continuous rf-power 
(i.e., basic rf-power) having a sinusoidal waveform of a frequency from IOMH2 to 200rvlH2 as shown at the 
upper and middle portions of Fic, 5A, and further effects, as shown at the lowe; portion in Fig. 6A or in Fig. 
6B, a second amplitude modulation on the power thus modulated. The first amplitude modulation is 
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performed at a modulation frequency from 1/1000 to 1/10 of the basic rf-power frequency and a 
predetermined duty cycle. The second amplitude modulation is performed at a second modulation 
frequency from 1/100 to 100 times the frequency of the first modulation and a predetermined duty cycle. In 
this manner, the device 561 generated the modulated rf-power. 

According to this plasma-CVD apparatus, since the plasma is formed from the deposition material gas 
by applying the rf-power on which the first and second amplitude modulations are effected as described 
above, generation of the dust particles is further suppressed and the deposition rate is further improved. 

Description will now be given on examples of forming a ditantalum pentoxide (TajOs) film, a barium 
metatitanate (BaTiOs) film and a zirconium oxide titanium oxide lead (Pb(2r,Ti)x02) film by respective 
apparatuses in Figs. 12 and 13. Also, examples for comparison will be described below. 



Example 6-1 



(ditantalum pentoxide (TaiOs) film formation by the apparatus in Fig. 12) 



Deposition Conditions 



Substrate SB 
rf-Electrode Size 
rf-Power 



Deposition Gas 



Film Thickness 
Deposition Presssure 
Substrate Temperature 



; silicon wafer of 100mm in diameter 

: 200mm in diameter 

: equal to CW of 1 DOW (Vp_p 25V) 

basic frequency 13.56MH2 

AM freq. SSkHz, duty ratio 50% 

: pentaethoxytantalum, 

bubbling temp. 200 • C 

H2 (carrier gas) lOOsccm 

O2 200sccm 

100 A 

0.6 Torr 

280 -C 



Example 6-2 



(barium metatitanate (BaTiOs) film formation by the apparatus in Fig. 12) 



Deposition Conditions 



Substrate S5 
rf-Electrode Size 
rf-Power 



Deposition Gas 



Film Thickness 
Deposition Presssure 
Substrate Temperature 



: silicon wafer of 100mm in diameter 
: 200mm in diameter 
: equal to CW of 100W (Vp_p 25V) 
basic frequency 13.56fv1Hz 

AM freq. BSkHz, duty ratio 50% 
: tetraisoproxytitanium 
bubbling temp. 40 • C 
Hj (carrier gas) SOsccm 
diethoxybarium, bubbling temp. 35 'C 
Hz (earner gas) SOsccm 
O2 200sccm 

100A 

0.6 Torr 

450 -C 
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(Zirconium oxide titanium oxide lead (Pb(Zr,Ti)x02) film formation by the apparatus in Fig. 12) 
Deposition Conditions 



70 



75 



Substrate S6 
rf-Electrode Size 
rf-Power 



Deposition Gas 



Film Thickness 
Deposition Presssure 
Substrate Temperature 



: silicon wafer of 1 00mm in diameter 
: 200mm in diameter 
: equal to CW of lOOW (Vp.p 25V) 
basic frequency 13.56MH2 
AM freq. 68kHz, duty ratio 50% 
: tetraisoproxytitanium 
bubbling temp. 40 • C 
Hp (carrier gas) 40sccm 
lead dipivalylmetfianate bubbling temp. 40 'C 
H: (carrier gas) lOOsccm 
tetra-tert-butoxyzlrconium bubbling temp. 4'C 
H2 (carrier gas) SOsccm 
Oj 200sccm 
100A 
0.6 Ton- 
450 -C 



25 Example 6-4 



30 



40 



(ditantalum pentoxide (Ta-Os) film formation by the apparatus in Fig. 13) 



Deposition Conditions 

Substrate S6 
rf-Electrode Size 
rf-Power 



Deposition Gas 



Film Thickness 
Deposition Presssure 



: silicon wafer of 100mm in diameter 

: 2D0mm in diameter 

: equal to CW of 100W (Vp_p 25V) 

basic frequency 13.56MH2 

1st AM freq. SSkHz, duty ratio 50% 

2nd AM freq. ikHz, duty ratio 50% 

: pentaethoxytantalum bubbling temp. 200 "C 

H2 (carrier gas) lOOsccm 

O2 200sccm 

100A 

O.B Torr 



Substrate Temperature :280'C 



45 



Example 6-5 

(barium metatitanate (BaTiOs) film fomnation by the apparatus in Fig. 13) 
Deposition Conditions 



50 



Substrate S6 
ri-Electrode Size 
rf-Power 



Deposition Gas 



: silicon wafer of 100mm in diameter 

: 200mm in diameter 

: equal to CW of 1 OOW {Vp.p 25V) 

basic frequency 13.56MH2 

Is: AM tree. SSkHz, duty ratio 50% 

2nd AM freq. 1kHz, duty ratio 50% 

: tetraisoproxytitanium bubbling temp. 40 ' C 

Hj (carrier gas) SOsccm 

diethoxybarium, bubbling temp. 35 -C 
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H: ^carrier gas) SOsccm 

O2 200sccm 
Film Thickness : 100A 

Deposition Presssure : 0.6 Torr 
5 Substrate Temperature : 450 " C 

Example 6-6 

(zirconium oxide titanium oxide lead (Pb(Zr,Ti)x02) film formation by the apparatus in Fig. 13) 

70 

Deposition Conditions 

Substrate S6 
rf-Electrode Size 
75 rf-Power 



Deposition Gas 

20 



25 

Film Thickness 
Deposition Presssure 
SuDStrate Temperature 

30 Example for Comparison 6-1 

The thermal-CVD apparatus shown in Fig. 19 is used. A ditantalum pentoxide (TazOs) film Is deposited 
with the substrate temperature of 420 'C. The substrate, deposition gas and film thickness are the same as 
those In the example 6-1. 

35 

Example for Comparison 6-2 

The thermal-CVD apparatus shown in Fig. 19 is used. A barium metatitanate (BaTiOs) film is deposited 
with the substrate temperature of 650 • C. The substrate, deposition gas and film thicl^ness are the same as 
40 those in the example 5-2. 

Example for Comparison 6-3 

The thermal-CVD apparatus shown in Fig. 19 is used. A zirconium oxide titanium oxide lead (Pb(2r,Ti)- 
45 >,02) film is deposited with the substrate temperature of 650 'C. The substrate, deposition gas and film 
thickness are the same as those in the example 6-3. 

The films formed in the examples 6-1 - 6-6 and the examples for comparison 6-1 - 6-3 were evaluated 
with respect to the deposition rate, dielectric constant of the film, concentration of particles of 0.1 um or 
more in diameter and thickness uniformity. The concentration of particles is represented by converting a 
50 laser scattering intensity in the plasma obtained by the laser scattering method (Mie scattering method) into 
the concentration of particles of O.ium or more. Tne results are as follows. 



: silicon wafer of 100mm in diameter 
: 200mm in diameter 
: equal to CW of 100W (Vp-p 25V) 
basic frequency 13.56MH2 
1st AM freq. 68kH2. duty ratio 50% 
2nd AM freq. IkHz, duty ratio 50% 
: tetraisoproxytltanium bubbling temp. 40 'C 
Ho (carrier gas) 40sccm 
lead dipivalylmethanate bubbling temp. 40 'C 
H2 (carrier gas) lOOsccm 
tetra-tert-butoxyzirconium bubbling temp. 4'C 
H2 (carrier gas) SOsccm 
O2 200sccm 
: 100A 
: 0.6 Torr 
: 450 • C 



55 
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20 



25 



30 



35 



40 



45 



50 



55 



Film 


D/R 


D'C 


P/C 


T/U 


TasOs 


Ex 6-1 


220 


25 


3x10' 


:3 




Ex 6-4 


240 


26 


<1>10' 


r3 




EC 6-1 


150 


20 


1x10' 


^8 


BaTiOs 


Ex 6-2 


120 


300 


3x10' 


15 




Ex 6-5 


140 


320 


<1xl0' 


i5 




EC 6-2 


85 


280 


1x10« 


:15 


Pb(Zr,Ti)x02 


Ex 6-3 


150 


900 


3x10' 


;6 




Ex 6-6 


180 


910 


<1xlO' 


i5 




EC 6-3 


60 


850 


1x10^ 


113 



D/R: Deposition Rate (A/min) 
D/C: Dielectric Constant (F/m) 
P/C: Particle Concentration (pts/cm^) 
T/U: Thickness Uniformity 
Ex: Example 

EC: Example for Comparison 



From the aforementioned results, the followings are seen. 

If the ferroelectric film is deposited in the plasma formed from the material gas by applying the rf-power 
which is prepared by effecting the first amplitude modulation on the basic rf-power of a predetermined 
frequency, the deposition can be performed at a lower temperature than the deposition by the thermal-CVD 
method, so that the thickness uniformity of the film is improved. Also, generation of the dust particles is 
suppressed, and the deposition rate is improved. Since the radical concentration increases owing to the 
amplitude modulation, the film composition ratio is accurately controlled, which improves the dielectric 
constant of the film. 

The second amplitude modulation further suppresses the particle generation and improves the deposi- 
tion rate. 

Description will now be given on a further deposition of a ferroelectric film by a plasma-CVD apparatus 
shown in Fig. 12. 

In this deposition process of the plasma-CVD apparatus in Fig. 12, the heater 71 which is provided at 
the ground electrode 7 in the process chamber 1 can substantially heat the substrate S6 to a temperature 
allowing thermal decomposition of the deposition material gas near the substrate S6, and this apparatus is a 
parallel plated plasma-CVD apparatus also serving as a thermal-CVD apparatus. 

In this deposition process, the substrate S6 is mounted on the electrode 7 after being preheated in the 
load lock chamber 3 heated by the lamp heater 31. While maintaining the process chamber 1 at a 
predetermined degree of vacuum, the gas supply unit 2 supplies a predetermined amount of deposition 
material gas into the process chamber 1. The deposition .material gas is made o' a mixture of an organic 
compound gas containing an element of the ferroelecthc film to be deposited and a different kind of gas 
containing oxygen. The material gas is decomposed at the vicinity of the substrate S6 heated by the heater 
71, so that a boundary layer of ferroelectric substance is deposited on the surface of the substrate S6. 
Then, the moaulated rf-power is applied to the gas to form the plasma, in which the ferroelectric film is 
subsequently deposited on the boundary layer. 

In this deposition process, the boundary layer of ferroelectric substance is formed by the thermal 
decomposition of the material gas prior to the deposition of the ferroelectric film on the substrate by forming 
the plasma from the deposition material gas, so that it is possible to prevent defects which may be caused 
by the plasma damage near the boundary between the deposited fiim and the substrate, and thus it is 
possible ;o prevent reduction of the dielectric constant of the film which may be caused by such defects. 

As compared with the deposition by the conventional tnermal-CVD method and apparatus, since a 
maior portion of the deposition process can be executed without maintaining the substrate at a high 
temperature during the deposition, it is possible to supo'ess the escape of atoms having a high vapor 
pressure from the film during deposition, so that the rec-ired deposition material gas can be reducod in 
quantity, and the deposition cost can be reduced. The thickness uniformity is also improved. 

Acco-ding to this apparatus, since the plasma is formed from the material gas by apolymg the 
amplitude-modulated rf-power in the deposition process after formation of the boundary layer, generation of 
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radicals required for the deposition is promoted, and generation of radicals causing the particles is 
suppressed. Therefore, adhesion and mixing of the particles are suppressed, and hence the film quality is 
improved. Also, the deposition rate is prevented from excessive reduction or is improved. 

The decomposition in the gaseous phase is promoted, and the radical concentration in the plasma 
5 increases, v/hich allows accurate control of the film composition ratio. 

Description v^ill now be given on a further deposition of a ferroelectric film by a plasma-CVD apparatus 
shown in Fig. 13. 

In this deposition process, the plasnna-CVD apparatus in Fig. 13 includes the heater 71, which is 
provided at the ground electrode 7 in the process chamber 1 and can substantially heat the substrate S6 
70 mounted on the electrode 7 to a temperature allowing thermal decomposition of the deposition material gas 
near the substrate S6, and this- apparatus is a parallel plated plasma-CVD apparatus also serving as a 
thermal-CVD apparatus. 

In this deposition process, a boundary layer is formed on the substrate prior to the deposition of the 
intended film in the plasma similarly to the apparatus in Fig. 12. The subsequent deposition is, however, 
IS performed in the plasma formed by applying the rf-power on which first and second amplitude modulations 
are effected. As a result, generation of the particles is further suppressed, and the deposition rate is further 
improved. 

Description will now be given on examples of forming a ditantalum pentoxide (TasOs) film, a barium 
metatitanate (BaTiOj) film and a zirconium oxide titanium oxide lead (Pb(2r,Ti)xO;) film by the respective 
20 apparatuses in Figs. 12 and 13. Also, examples for reference and examples for comparison will be 
described below. 

Example for Reference 1 

25 (ditantalum pentoxide (TajOs) film formation by the apparatus in Fig. 20) 

Boundary Layer Deposition Conditions 

Substrate : silicon wafer of 100mm in diameter 

30 Deposition Gas ; pentaethoxytantalum bubbling temp. 200 • C 

H2 (carrier gas) lOOsccm 
Oj 2D0sccm 
0.6 Torr 
420 -C 
150A 



Deposition Presssure 
Substrate Temperature 
35 Layer Thickness 



45 



Film Deposition Conditions 

rf-Electrode Size 
40 rf-Power 

Deposition Gas 
Deposition Presssure 
Substrate Temperature 
Film Thickness 



200mm in diameter 

Frequency 13.56MH2, 100W (Vp.p 25V) 
same as that for boundary layer deposition 
0.6 Torr 
280 -C 
1800A 



Example 7-1 



(ditantalum pentoxide (TasOs) film formation by the apparatus in Fig. 12) 

so Boundary Layer Deposition Conditions 

A ditantalum pentoxide (TazOs) layer of 150A in thickness is formed under the same condition as the 
example for reference 1. 

56 Film Deposition Conditions 

rf-Electrode Size : 200mm in diameter 

rf-Power : equal to CW of 100W (Vp.p 25V) 
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20 



25 



30 



35 



45 



Deposition Gas 
Deposition Presssure 
Substrate Tennperalure 
Film Thickness 



basic frequency l3.56MHz 

A'v* 'ic^. Coki ii., uui/ I caiiu 5G*o 

same as that tor boundary layer deposition 
0.6 Torr 
280 -C 
1760A 



Example 7-2 

70 (ditantalum pentoxide (TajOs) film formation by the apparatus in Fig. 13) 

Boundary Layer Deposition Conditions 

A ditantalum pentoxide (TajOs) layer of 150A in thickness is formed under the same condition as the 
T5 example for reference 1. 



Film Deposition Conditions 

rf-Electrode Si2e 
rf-Power 



Deposition Gas 
Deposition Presssure 
Substrate Temperature 
Film Thickness 

Example for Reference 2 



: 2D0mm in diameter 

: equal to CW of lOOW (Vp_p 25V) 

basic frequency 13.56MHz 

1st AM freq. 68kH2, duty ratio 50% 

2nd AM freq. IkHz, duty ratio 50% 

same as that for boundary layer deposition 

0.6 Torr 

280 -C 

1840A 



(barium metatitanate (BaTiO;) 

film formation by the apparatus in Fig. 20) 

Boundary Layer Deposition Conditions 



Substrate 
Deposition Gas 



Deposition Presssure 
Substrate Temperature 
Layer Thickness 

Film Deposition Conditions 

rf-Electrode Size 
rf-Power 
Deposition Gas 
Deposition Presssure 
Substrate Temperature 
Film Thickness 



: silicon wafer of 100mm in diameter 

: tetraisoproxytitanium bubbling temp. 40 'C 

H2 (carrier gas) 50sccm 

diethoxybarium bubbling temp. 35 'C 

H2 (carrier gas) SOsccm 

02 200sccm 

0.6 Torr 

650 -C 

65A 



200mm in diameter 

Frequency 13.56MHz, 100W (Yp.p 25V) 
same as that for boundary layer deposition 
0.6 Torr 
450 -C 
190DA 
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Example 7-3 



w 



(barium metatitanale (BaTiOs) film formation by the apparatus in Fig. 12) 

B oundary Layer Deposition Conditions 

A barium metatitanate (BaTiOa) layer of 65A in thickness is formed under the same condition as the 
example for reference 2. 

Film Deposition Conditions 



rf-Electrode Size 
rf-Power 



Deposition Gas 
Deposition Presssure 
Substrate Temperature 
Film Thickness 



: 200mm in diameter 

: equal to CW of 100W (Vp.p 25V) 

basic frequency 13.56MHz 

AM freq. SSkHz, duty ratio 50% 

same as that for boundary layer deposition 

0.6 Torr 

450 -C 

1900A 



25 



30 



35 



40 



45 



50 



55 



Example 7-4 

(barium metatitanate (BaTiOs) film formation by the apparatus in Fig. 13) 

Boundary Layer Deposition Conditions 

A barium metatitanate layer of 65A in thickness is formed under the same condition as the example for 
reference 2. 



Film Deposition Conditions 

rf-Electrode Size 
rf-Power 



Deposition Gas 
Deposition Presssure 
Substrate Temperature 
Film Thickness 

Example for Reference 3 



: 200mm in diameter 

: equal to CW of 1 OOW (Vp-p 25V) 

basic frequency 13.56MHz 

1st AM freq. SSkHz, duty ratio 50% 

2nd AM freq. IkHz, duty ratio 50% 

same as that for boundary layer deposition 

0.6 Torr 

450 'C 

1950A 



(zirconium oxide titanium oxide lead (Pb(Zr,Ti)x02) film formation by the apparatus in Fig. 20) 
Boundary Layer Deposition Conditions 



Substrate 
Deposition Gas 



Deposition Presssure 
Substrate Temperature 



: silicon wafer of 100mm in diameter 

: tetraisoproxytitanium bubbling temp. 40 • C 

H2 (carrier gas) 40sccm 

lead dipivalylmethanate bubbling temp. 40 "C 

H: (carrier gas) lOOsccm 

tetra-tert-butoxyzirconium bubbling temp. 4"C 
Hj (carrier gas) 50sccm 
Or 200sccm 
; 0.6 Torr 
: 650-C 
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TO 



Layer Thickness 

Film Deposition Conditions 

rf-Eiecirode Si2e 
rf-Power 
Deposition Gas 
Deposition Presssure 
Substrate Tennperature 
Film Thickness 



60A 



200miTi in diameter 

Freauency 13.56MHz, 100W (Vp.p 25V) 
same as that for boundary layer deposition 
0.6 Torr 
450 'C 
1500A 



75 



Example 7-5 

(zirconium oxide titanium oxide lead (Pb(Zr,Ti),Or) film formation by the apparatus in Fig. 12) 
Boundary Layer Deposilion Conditions 

A zirconium oxide titanium oxide lead (Pb(2r,Ti)x02) layer of 60A in thickness is formed under the same 
condition as the example for reference 3. 



20 



25 



30 



Film Deposition Conditions 

rf-Electrode Size 
rf-Power 



Deposition Gas 
Deposition Presssure 
Substrate Temperature 
Film Thickness 



: 200mm in diameter 
: equal to CW of 100W (Vp-p 25V) 
basic frequency 13.56MH2 
AM freq. 68kHz. duty ratio 50% 
: same as that for boundary layer deposition 
: 0.6 Torr 
: 450 • C 
: 1950A 



Example 7-6 

(zirconium oxide titanium oxide lead (Pb(Zr,Ti)x02} filnn formation by the apparatus in Fig. 13) 
Boundary Layer Deposition Conditions 

A zirconium oxide titanium oxide lead layer of 60A in thickness is formed under the same condition as 
the example tor reference 3. 



40 



50 



Film Deposition Conditions 

rf-Electrode Size 
rf-Power 



Deposition Gas 
Deposition Presssure 
Substrate Temperature 
Film Thickness 

Example for Comparison 7-1 



: 200mmi in diameter 

: equal to CW of 100W (Vp_p 25V) 

basic frequency 13.56MH2 

1st AM freq. 58kHz, duty ratio 50% 

2nd AM freq. 1kHz, duty ratio 50% 

same as that for boundary layer deposition 

0.6 Torr 

450 -C 

1955A 



55 The thermal-CVD aoparatjs shown in Fig. 19 is used. A ditanlalum pentcxice film of 2030A m thickness 
is formed under the same boundary layer deposition conditions as the example for reference 1. 
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Example tor Comparison 7-2 

The plasma-CVD apparatus shown in Fig. 20 is used. A ditantalum pentoxide film ot 2000A in thickness 
is (ormed under the same film deposition conditions as the example for reference 1 (i.e., with a continuous 
5 rf-power and without using an amplitude-modulated ri-power). 

Example for Comparison 7-3 

The thermal-CVD apparatus shown in Fig. 19 is used. A barium metatitanate film of 1950A in thickness 
70 is formed under the same boundary layer deposition conditions as the example for reference 2. 

Example for Comparison 7-4 

The plasma-CVD apparatus shown in Fig. 20 is used. A barium metatitanate film of 2000A in thickness 
75 is formed under the same film deposition conditions as the example for reference 2 (i.e., with a continuous 
rf-power and without using an amplitude-modulated rf-power). 

Example for Comparison 7-5 

20 The thermal-CVD apparatus shown in Fig. 19 is used. A zirconium oxide titanium oxide lead film of 

1980A in thickness is formed under the same boundary layer deposition conditions as the example for 
reference 3. 

Example for Comparison 7-6 

25 

The plasma-CVD apparatus shown in Fig. 20 is used. A zirconium oxide titanium oxide lead film of 
2000A in thickness is formed under the same film deposition conditions as the example for reference 3 (i.e., 
with a continuous rf-power and without using an amplitude-modulated rf-power). 

The films formed in the examples for reference 1 - 3, examples 7-1 - 7-5 and the examples for 

30 comparison 7-1 - 7-6 were evaluated with respect to the deposition rate, concentration of particles of 0.1 urn 
or more in diameter and thickness uniformity. For each example, a film sample of 100A in thickness was 
prepared under the same conditions, and the dielectric constant of these films were evaluated. The 
concentration of particles is represented by converting a laser scattering intensity in the plasma obtained by 
the laser scattering method (Mie scattering method) into the concentration of particles of O.lum or more. 

35 The results are as follows. 
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D/R: Deposition Rate (A/min) 
D/C: Dielectric Constant (F/m) 



P/C: Particle Concentration (pts/cm^) 
T/U: Thickness Unifornnity 
RF: Example for Reference 
Ex: Example 

EC: Example for Comparison 
T-CVD: Thermal-CVD Method 
P-CVD: Plasma-CVD Method 

' : (boundary layer deposition):(film deposition) 



Fronn the aforennentioned results, the followings are seen. 

For depositing the ferroelecthc film, the plasma-CVD method is executed after depositing the boundary 
35 layer for the film by the thermal-CVD method, so that defects at the boundary between the substrate and 
the film is suppressed and thus the dielectric constant of the film is improved as compared with the film 
deposition only by the plasma-CVD. Also, a major portion of the process can be performed at a lower 
temperature than the deposition by the thermal-CVD method, so that the thickness uniformity and the 
deposition rate are improved. 
40 In the deposition process by the plasma-CVD method, the plasma is formed from the matenal gas by 
applying the rf-power which is prepared by effecting the first amplitude modulation on the basic rf-power of 
a preOetermined frequency, so that generation of the dust particles is suppressed, and the deposition rate is 
improved. Since the radical concentration in the gaseous phase increases owing to application of the 
amplitude-modulated rf-power for forming the plasma, the film composition ratio is accurately controlled, 
45 which improves the dielectnc constant of the film. 

The thickness uniformity is improved as compared with the case not employing the modulated power. 
The second amplitude modulation, if applied, can further suppress generation of the particles and 
improve the deposition rate. 

Although the present invention has been described and illustrated in detail, it is clearly understood that 
50 the same Is by way of illustration anc example only and is not to be taken by way of limitation, the spirit 
and scope of the present invention being limited only by the terms of the appended claims. 

Claims 

55 1. A plasma-CVD method including the steos of: 

forming plasma from a film deposition material gas in a process chamber; and 
depositing, in said plasma, a film on a substrate disposed in said process chamber, characterized 
in that: 
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formation of said plasma from said material gas is performed by application of an rf-power 
prepared by effecting a first amplitude modulation on a basic rf-power having a frequency in a range 
from lOMHz to 200MH2, said amplitude modulation being performed at a modulation frequency in a 
range from 1/1000 to 1/10 of the frequency of said basic rf-power. 

2. A plasma-CVD method according to claim 1, characterized in that said modulation frequency is in a 
range from 1/270 to 1/68 of said basic rf-power frequency. 

3. A plasma-CVD method according 1o claim 2, characterized in that said modulation frequency is in a 
range from 1/270 to 1/135 of said basic rf-power frequency. 

4. A plasma-CVD method according to claim 1, characterized in that said deposition material gas is a 
halogen compound gas used for forming said film, or is mixture of a halogen compound gas and a 
different kind of gas different from said halogen compound gas. said different kind of gas being used 
for forming said film together with said halogen compound gas. 

5. A plasma-CVD method according to claim 1 , characterized in that said film to be deposited is a carbon 
film, and said deposition material gas is a hydrocarbon compound gas used for forming said film, or is 
mixture of a hydrocarbon compound gas and a different kind of gas different from said hydrocarbon 
compound gas, said different kind of gas being used for forming said carbon film together with said 
hydrocarbon compound gas. 

6. A plasma-CVD method according to claim 1, characterized in that said film to be deposited is a 
ferroelectric film, and said deposition material gas includes at least an organic compound gas 
containing an element of said ferroelectric film to be formed and a gas containing oxygen and differing 
in kind from said organic compound gas. 

7. A plasma-CVD method according to claim 1, characterized in that: 
said film to be deposited is a ferroelectric film, said deposition material gas includes at least an 

organic compound gas containing an element of said ferroelectric film to be formed and a gas 
containing oxygen and differing in kind from said organic compound gas, and 
said method further comprises the steps of: 

thermally decomposing said deposition material gas prior to said formation of said plasma from 
said deposition material gas, 

exposing said substrate to said thermally decomposed gas to form a boundary layer made of a 
ferroelectric layer, 

applying said modulated rf-power to said deposition material gas to form said plasma after said 
formation of said boundary layer, and 

exposing said boundary layer on said substrate to said plasma formed from said deposition 
material gas to form said ferroelectric film thereon. 

A plasma-CVD method according to claim 1 , characterized in that said method further compnses the 
steps of: 

introducing a pretreatment gas into said process chamber prior to said formation of said plasma 
from said deposition material gas; 

forming plasma from said pretreatment gas by applying thereto an rt-power prepared by effecting 
an amplitude modulation at a frequency, which is in a range from VIO- to 1/10 of the frequency of a 
basic rf-power having a frequency from lOMHz to 200MH2, on said basic rf-power; 

exposing said substrate to said plasma formed from said pretreatment gas to clean said substrate; 
introducing said deposition material gas into said process chamber; and 

applying said modulated rf-power to said deoosition material gas to fomn said plasma therefrom for 
depositing said film on the cleaned surface of said substrate. 

A plasma-CVD method according to and one of claims 1-8, charactenzed in that said rf-power applied 
to said material gas for forming said plasma is prepared by effecting said first amplitude modulation on 
said basic rf-power and additionally effecting a second amplitude modulation on said modulated rf- 
power, the modulation frequency of said second amplitude modulation being in a range from 1/100 to 
100 times said modulation frequency of said first amplitude modulation. 
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10. A plasrna-CVD method according to claim 8, characterized in that said amplitude modulation for 
nhtaininn t^.o ampiitMriA-modL'ieted '^-po'.re' ^ccd tor fcrrr-.ir.g 3c;d plcsma from 5aic; ^-iciiccunsiu gas 
is performed by a pulse modulation or a pulse-like moculation performing turn-on and turn-off of an 
applied power. 

5 

11. A plasma-CVD method according to any one of claims 1 to 10, characterized in that said amplitude 
modulation for obtaining said amplitude-modulated rt-power used for forming said plasma from said 
deposition matenal gas is perlormed by a pulse modulation or a pulse-like modulation performing turn- 
on and turn-off of an applied power. 

w 

12. A plasma-CVD apparatus comprising: 

a process chamber for accommodating a substrate for deposition; 

a gas supply unit for supplying a film deposition material gas into said process chamber; and 
rf-power applying means for applying an rf-power to said material gas supplied from said gas 
)5 supply unit into said process chamber to form plasma from said material gas, characterized in that: 

said rf-power applied by said rf-power applying means is prepared by effecting a first amplitude 
modulation on a basic rf-power having a frequency in a range from lOMHz to 200iyiHz, said amplituoe 
modulation being performed at a modulation frequency in a range from 1/1000 to 1/10 3i said 
frequency of said basic rf-power. 

20 

13. A plasma-CVD apparatus according to claim 12. characterized in that said modulation frequency of said 
amplitude modulation for said rf-power applied by said rf-power applying means is in a range from 
1/270 to 1/68 of said basic rf-power frequency. 

25 14. A plasma-CVD apparatus according to claim 13. characterized in that said modulation frequency of said 
amplitude modulation for said rf-power applied by said rf-power applying means is in a range from 
1/270 to 1/135 of said basic rf-power frequency. 

15. A plasma-CVD apparatus according to claim 12, characterized in that said deposition miaterial gas 
30 supplied from said material gas supply unit is a halogen compound gas used for forming said film, or is 
mixture of a halogen compound gas and a different kind of gas different from said halogen compound 
gas, said different kind of gas being used for forming said film together with said halogen compound 
gas. 

35 16. A plasma-CVD apparatus according to claim 12, characterized in that said film to be deposited is a 
carbon film, and said deposition material gas supplied from said material gas supply unit is a 
hydrocarbon compound gas used for forming said carbon film, or is mixture of a hydrocarbon 
compound gas and a different kind of gas different from said hydrocarbon comipound gas, said different 
kind of gas being used for forming said carbon film together with said hydrocarbon compound gas. 
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17. A plasma-CVD apparatus according to claim 12, characterized in that said film to be deposited is a 
ferroelectric film, and said deposition material gas supplied from said material ges supoly unit includes 
at least an organic compound gas containing an element of said ferroelectric film to be formed and a 
gas containing oxygen and differing in kind from said organic compound gas. 
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18. A plasma-CVD apparatus according to claim 12, 
characterized In that: 

said film to be deposited is a ferroelectric film, and said deposition material gas supplied from said 
material gas supply unit includes at least an organic compound gas containing an element of said 
50 ferroelectric film to be formed and a gas containing oxygen and differing in kind from said organic 
compound gas, and 

said apparatus further comprises heating means for thermally decomposing said deposition 
material gas supolied from said gas supply unit to said process cha.moer. 

55 19. A plasma-CVD apparatus according to claim 12, charactenzed in that said apparatus further comprises: 
a pretreatment ^as supply unit for supplying a pretreatment gas into said process chamber; and 
rf-power applying means for applying an rf-power to said pretreatment gas supplied from said 
pretreatment gas supply unit into said process chamber to form plasma from said pretreatment gas. 
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wherein said rf-power applied by said rf-power applying nneans for said pretreatment gas is prepared 
by effecting an amplitude modulation at a frequency, which is in a range from 1/10^ to 1/10 of a 
frequency of said basic rf-power in a range from 10MHz to 200MH2, on said basic rf-power. 

5 20. A plasma-CVD apparatus according to any one or claims 12-19, characterized in that said rf-power 
applied by said rf-power applying means to said material gas for forming said plasma is prepared by 
effecting said first amplitude modulation on said basic rf-power and additionally effecting a second 
amplitude modulation on said modulated rf-power, the modulation frequency of said second amplitude 
modulation being in a range from 1/100 to 100 times said modulation frequency of said first amplitude 

70 modulation. 

21. A plasma-CVD apparatus according to claim 19, characterized in that said amplitude modulation for 
said amplitude-modulated rf-power applied by said rf-power applying means for forming said plasma 
from said pretreatment gas is performed by a pulse modulation or a pulse-like modulation performing 

75 turn-on and turn-off of an applied power. 

22. A plasma-CVD apparatus according to any one of claims 12 to 21, characterized in that said amplitude 
modulation for said amplitude-modulated rf-power applied by said rf-power applying means for forming 
said plasma from said deposition material gas is performed by a pulse modulation or a pulse-like 

20 modulation performing turn-on and turn-off of an applied power. 
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Fig.1 
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Fig.ZA 
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Fig.3 
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Fig.6A 
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Fig.GB 
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Fig. 14 
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Fig. 15 (Prior Art) 
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Fig.l 6 (Prior Art) 
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